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Abstract
Abstract
A technique called dielectrophoresis (DEP) has been proved to be an effective 
method for the separation o f cells, bacteria and other bioparticles. This separation 
technique is particularly attractive in many areas such as biomedical research, clinical 
diagnosis, food pathogen detection, rapid drug discovery and environment analysis. Yet, 
this technique has not been widely adopted for clinical applications due to the 
complexity o f device fabrication. The device has to be fabricated in micro-scale that 
capable to accommodate micro litre sample volumes. In addition, the wide use o f  planar 
microelectrodes in separation devices requires a narrow flow channel to attract particles 
towards the electrode. This small sample volumes and thin flow channel will end up 
with low throughput separation. Therefore, a simple high throughput separation device 
is constructed at low cost and no need o f hi-teeh facilities. To enhance and improve the 
throughput, a laminated 3D Dielectrophoretic well (DEP-well) electrode namely DEP- 
well M-16/M-20, DEP-well C-35 and DEP-well C-0 are proposed. These 3D DEP-well 
electrodes are different in number o f wells, diameter, angle and materials used to 
fabricate the well. The DEP-well is able to overcome the decrement o f DEP force 
strength over the distance from the planar arrays. As a result, at flow rate o f SpPmin, the 
DEP-well M-16 was able to trap viable yeast cells at an average o f  56.7%. Then, with a 
series arrangement o f wells using DEP-well M-20, the trapping percentage increased to 
75.7%. The percentage was improved to 80.5% using a smaller diameter o f well (DEP- 
well C-0). Subsequently, 35° angle o f well (DEP-well C-35) was able to capture a 
slightly greater percentage (about 83.2%) o f viable yeast cells. This shows that, the 
developed separation device utilising DEP-well electrode is able to offer reasonably high 
trapping efficiency and produced high throughput separation. It also offers other 
advantages which are portability, reusable, economical and ease o f  use as well as easy to 
assemble.
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Chapter 1 Introduction
Chapter 1 Introduction to Research
Dielectrophoresis (DEP) is a phenomenon which has been widely explored for 
particle analysis since its discovery in 1951 by Herbert Pohl [1]. The name is derived 
from the word dielectric which used to describe solid and liquid material having a 
capacitance and phoresis means force. It is an ae-electrokinetie technique, where 
polarisable particles move when exposed to a non-uniform electric field. Particles can be 
either attracted to or repelled from regions o f strong electric field by changing the 
frequency o f  the applied electric field. This provides an easy and safe technique for 
separation, manipulation and concentration o f bio-partieles such as cells, bacteria, 
viruses and DNA. Potentially this makes DEP a very valuable tool for clinical 
prognosis/diagnosis.
1.1 Problem Statement
Dielectrophoretic separation, manipulation and concentration have been improved 
by the application o f microelectronic fabrication techniques to the construction o f 
mieroelectrode structures. The use o f microeleetrodes is important to generate 
inhomogeneous ac electric fields to discriminate between targeted cells and unwanted 
cells based on their dielectric properties by induced motions. Typically, planar 
mieroelectrode structures are widely used in the dielectrophoretic devices. This planar 
structure provides excellent separation o f various particles, as has been reported [2-4]. 
However, the dielectrophoretic force strength decays exponentially with the distance 
from the planar arrays. The particles, which are suspended away from the electrode, will 
not be strongly influenced by the force. I f  a separation channel gap is too thin, the 
trapped particles might block the channel. Therefore, a separation device using planar 
electrode will end up with low-throughput separation. This prevents DEP from being 
widely used in high sample volume applications.
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In order to suceessfiilly overcome such problems it is important to design an 
appropriate separation and concentration device. A laminated three-dimensional (3D) 
well electrode (DEP-well) with different angles and diameter sizes is proposed to 
increase separation throughput. The well electrode can be fabricated without the need for 
photolithography or clean room facilities, which reduces the cost o f manufacturing the 
device.
1.2 Significance of the Study
DEP provides a number o f advantages over other eell separation methods such as 
flow cytometry, radiolabelling and labelled nanopartieles. The technique does not 
require fluorescent, luminescent or radioactive probes as markers and labels to study the 
behavior and viability o f cells. Additionally, it is a noninvasive and rapid examination 
method for sorting large numbers o f cells, using low-eost technology for the 
simultaneous analysis o f cells. It offers precision measurement and sensitivity for 
manipulation o f  cells o f different dielectric properties and uses small amount o f sample 
volumes when compared to other methods such as flow cytometry. Therefore, the 
ability to separate without potentially changing the shape, size, colour, and behaviour o f 
the particle is fundamental to the discovery o f new tool for the early detection and 
subsequent effective treatment o f diseases.
1.3 Research Objectives
The main objective is to develop and evaluate a system to separate and 
concentrate different types o f cells based on the dielectric properties o f the cells using a 
laminated 3D DEP-well electrode. Three types o f DEP-well namely DEP-well M-16/M- 
20, DEP-well C-0 and DEP-well C-35 were fabricated and constructed from different 
materials and having different diameters, angles and number o f wells. These DEP-well 
electrodes were tested together with the developed separation system to enhance the 
efficiency o f  cells separation. A simulation comparison o f different DEP-well was 
performed and validated with experimental works. The device was targeted to offer
2
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greater trapping efficiency, higher throughput separation and low-eost o f fabrication. It 
offers some advantages, which are portability, reusable, economical and easy to 
assemble.
1.4 Research Scope
The study involves two major parts. The first is the design and construction o f 
the sub-components o f sorting device, which includes fluid handling, separators, 
reservoirs, electrodes, and sensors. The device will be used to carry out DEP separation 
o f micro-sized particles and allows them to be sorted depending on their dielectric 
properties. A laminated 3D dielectrophoretic well electrode with different diameter sizes 
and angles is constructed in-house. Experimental results in trapping using the designed 
well electrodes are compared with the analysis model simulated by Finite Element 
Modelling (FEM). In order to demonstrate the experiment and validate the device, yeast 
is used as it is easy to culture and well characterised.
1.5 Overview of report
The content o f the report is organized as follows. Chapter 1 focuses on the 
research introduction. Chapter 2 describes fundamental concepts and previous works 
that have been demonstrated by other researchers. Chapter 3 elaborates the methods used 
in the design system and the preparation involves beforehand. The experimental results 
obtained from the developed system utilising DEP-wells will be explained, analysed and 
discussed in Chapter 4. In Chapter 5, the proposed DEP-well electrodes are modelled 
and simulated to predict the achievable trapping percentage. Chapter 6 will discuss about 
the discrepancies between experimental and simulation results. The last chapter 
concludes the findings and further actions to improve this research work.
Chapter 2 Literature Review
Chapter 2 Literature Review
2.1 Introduction
In this chapter, the theory behind the phenomenon of DEP will be explained and 
reviewed, including internal and external factors that influence the behavior o f particles 
under the DEP technique, and the development of DEP device to manipulate, separate 
and concentrate particles.
2.2 DEP Theory
Polarisation will occur if a dielectric material is exposed to an electric field. The 
process o f polarisation creates one side o f positive charge and another side o f  negative 
charge along the electric field lines [5]. The ability to produce charge at interfaces is 
called polarisability [6]. When a spherical particle is suspended in a dielectric medium 
under uniform applied electric field, it will induced a net dipole across the particle as 
shown in Figure 2.1
Electric field ^
Net Dipole H”
a) Particle more 
polarisable than medium
V d ^ e c h W ie ld ^ y -
”f" Net Dipole — No Net Dipole
b) Particle less 
polarisable than medium
c) Particle and medium 
equally polarisable
Figure 2.1: Three cases where a net dipole is induced depending on polarisability of the particle and
suspending medium.
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If  the electric field applied is uniform as shown in Figure 2.2a, then the Coulomb 
force acting on each o f the generated poles is equal and opposite. Therefore, they cancel 
out and result in no net movement [7]. However, if the electric field is non-uniform as 
shown in Figure 2.2b, the differences o f field strength on both sides led to an imbalance 
forces created on the induced dipole. This force is called dielectrophoretic force which 
result in particle movement known as Dieleetrophoresis (DEP) [5, 8]
No electric field gi adient Electric field gradient
CUD
a) A polarizable particle is suspended in 
a uniform field: no movement
b) A polarizable particle is suspended in a 
nonuniform field: produced movement
Figure 2.2: The different of electrical field strengths between a uniform field and nonuniform field.
The direction o f the particle movement depends on the polarisability o f the 
particle and its surrounding medium. If  the particle is more polarisable than the 
surrounding medium, the particle moves towards the region o f strongest electric field 
gradient as shown in Figure 2.3a. This motion is called positive DEP. The opposite 
elfect known as negative DEP occurs when the surrounding medium is more polarisable 
than the particle. The particle is repelled from the region o f stronger electric field 
towards weaker electric field regions. This is shown in Figure 2.3b.
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a) (+)
Direction of moving particle
b)
Direction of moving particle
Figure 2.3: a) Positive DEP whereby particle move towards the high electric field region, b) 
Negative DEP whereby particle repelled to the low electric field region.
The relative magnitude and direction o f the DEP force exerted on a particular 
particle depends on many factors, such as the conductivity and permittivity o f the 
particle and suspending medium, the frequency and magnitude o f the applied field and 
particle size. Therefore, differences in any o f those parameters resulting in the variation 
o f the DEP force magnitude or direction. This makes DEP a useflil tool for the 
manipulation and separation o f particles.
The general expression for time-averaged DEP force acting on a spherical 
particle is given by [9-11]:
F d e p  =  R e [ / c m ( ® ) ] v |£ „ , /  ( 2 .1)
where r is the particle radius, is the permittivity o f the suspending medium, ^  is the 
gradient operator and is the root mean squared (RMS) value o f an electric field. 
KQ[fcm(co)'\ means a real part o f the Clausius-Mosotti factor (fcm). The fan  can be 
represented as follows:
fcm (co) ( 2 .2 )
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where and are the complex permittivity o f the particle and the suspending 
medium respectively, s  is defined as:
Jo-
s  =  s -
co
(2.3)
where s  is permittivity, j is the square root o f - 1, <j is the conductivity and co is the 
angular frequency (2%f) o f the electric field. The real part offcm  can take either positive 
or negative values. The positive value indicates that the particle experiences positive 
DEP and vice versa.
The calculation of fcm  using Equation 2.2 is basically for a spherical particle 
with homogeneous structure. However, most biological particles have complex internal 
structures with multiple layers. The layers include particle’s membrane, wall and 
internal structure such as cytoplasm and nucleus [12]. Therefore, a multi-shell model is 
developed to estimate the dielectric properties that made up these layers by reducing the 
dominant permittivity o f each layers to one effective permittivity using the smeared-out 
sphere approach [13, 14]. The simplification o f a heterogeneous spherical particle to a 
homogeneous sphere o f effective complex permittivity is illustrated in Figure 2.4.
£*1eff
Figure 2.4: The progressive simplification of multilayer sphere to a homogeneous of effective
complex permittivity (£*p).
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Referring to Figure 2.4, the innermost sphere and first shell (Figure 2.4a) can be 
replaced by an effective complex permittivity (Figure 2.4b) calculated as:
+ 2
£j + 2s 2 J
vf iy
8 , - 8 . A
8; + 2e;J
(2.4)
where ri is the radius o f the innermost sphere , V2 is the radius to the outside o f  the first 
shell, 8*1 is the complex permittivity o f innermost sphere and 8*2 is the complex 
permittivity o f the first shell. In practice, the innermost sphere and first shell could be 
considered as the cytoplasm o f  a cell surrounded by a plasma membrane. This model can 
be referred as a single-shell model.
For a spherical particle comprising two shells, e.g. plasma membrane and cell 
wall, a double-shell model is used. The structure o f particle is simplified to a 
homogenous sphere o f effective complex permittivity (e*p) as illustrated in Figure 2.4c 
by the expression:
+ 2 'leg
' l e g - 8 ,
V^ leg 2 3^ J
(2.5)
where rg is the radius from the centre o f the sphere to the outside o f  the cell wall, 8*3 is 
the complex permittivity o f  the second shell and 8*1 err is the first effective complex 
permittivity obtained from Equation 2.4.
If  a particle possesses three shells, e.g. nuclear membrane, cytoplasm and plasma 
membrane, then a three-shell model is required to determine the effective complex 
permittivity. Therefore, for N-shell spherical particle, the effective complex permittivity 
for the whole particle can be derived using equation:
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v+l)
3
+ 2
f a *  . a *  ^ 
^(N -l)eff ^(N+1)
V y e* + 2 S* V ^(N -l)eff ^  ^ ^ (N + 1 ) y
V r^ (N+l)
3 * * \  
^(N -l)eff ■ ^(N+1)
< y P*  4- 2f*
(2.6)
Beginning with the innermost sphere and first shell and working way out up to 
the last shell, N-shell structure can be reduced to a homogeneous sphere characterised by 
one effective complex permittivity. In order to obtain the fcm  o f N-shell particle, the 
obtained effective complex permittivity which comprises all the permittivities is 
substituted into Equation 2.2.
2.3 DEP Applications
Dieleetrophoresis technique has been widely used for many applications, such as 
trapping, sorting, manipulation, positioning, separation o f particles, as well as 
characterisation o f  their dielectric properties.
The first separation o f living cells using DEP was demonstrated by Pohl and Hawk 
in 1966 [15]. In early 1990s, Gascoyne et al. [16] separated mixed populations o f  
mammalian cells based on their dielectrophoretic properties. They managed to 
differentiate the frequency-dependent dielectric properties o f normal, leukaemic, and 
differentiation-induced leukaemic mouse erythrocytes. DEP investigations were carried 
out by Stephens et al. [17] to separate CD34+ cell populations from leukaemic patients. 
They found that dieletrophoretic separation technique was suitable in harvesting CD34+ 
cells for transplantation and still remain viable after the separation process.
In further research, Becker et al. [18] studied the dielectric properties differences 
between the human breast cancer and blood cells. The research has been continued to 
separate the breast cancer cells and leukaemia cells from whole human blood [19],
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colorectal cancer (HCT116) cells from the mixture o f human embryonic kidney 293 
(HEK 293) and E. Coli cells [20].
Another application was demonstrated by Muller et al. [21] to trap, aggregate 
and concentrate micrometre and sub-mierometre latex fluospheres by applying positive 
and negative DEP. Moreover, DEP has been used to manipulate and characterise viable 
and non-viable yeast cells [22, 23], herpes simplex virus type 1 eapsids [24, 25], wild- 
type Escherichia eoli (E.eoli) [26] and cell lines H357 and HPV-16 [27]. DEP also has 
been used to determine the changes o f dielectric properties such as cytoplasmic 
conductivity, membrane capacitance, membrane surface eonduetanee o f human 
promyelocytie HL-60 cells [28] and human chronic myelogeneous leukaemie cells 
(K562) [29] during apoptosis.
Another application using DEP was proved by Hubner et al. [30]. They were able 
to determine the dielectric collection behaviour o f the fresh water algae after treated with 
copper sulphate-solutions (CUSO4). This method has potential for forming a low cost test 
for water quality. Although, the applications listed are far from exhaustive, it shows how 
the DEP has been utilised in many fields.
2.4 Separation Methodologies
DEP has shown potential to play an important role in the application o f  particle
separation. Each particle has unique frequency-dependant dielectric properties, which
depends on the conductivity and permittivity o f  the particle and suspending medium
together with the frequency applied. Differences in the dielectric properties o f  particles
produce variations in the DEP force magnitude or direction resulting in separation o f
particles. Separation is achievable if one sub-population o f particles has opposite value
o f fcm  from any other population. The direction o f DEP force exerted on any given
population is different will determine the direction o f particles either move towards or
repel away from the electrode. The relative magnitude and direction o f the DEP force
exerted on a given population o f particles depends on the fcm  and magnitude o f the
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applied field. Below are some practical methods that have been implemented for 
separation o f  different particle population.
2.4.1 Continuous Flow Separation
This basic method has been used for the separation o f larger particles such as 
cells [31, 32]. In order to provide a separation process, a mixture o f particles is injected 
by external force such as syringe pump or peristaltic pump through a separation chamber 
containing an electrode array. An ae signal is applied to energize a non-uniform electric 
field. The particles, which are influenced by positive DEP, are trapped on the electrode 
array, while the particles experiencing negative DEP continue to flow across the array. 
They are then removed at the outlet as a homogeneous population. The trapped particles 
can be released by switching the electric field off and pumping them to the same or 
different outlet.
Early system o f this separation method, planar electrode arrays with miero-meter 
chamber heights is used. The effectiveness o f separation is limited because particles 
flowing furthest from the electrodes are not influenced either by positive or negative 
DEP. Therefore, they are not being trapped but will push through the outlet. This 
problem is particularly important to be considered when constructing a separation 
device.
2.4.2 DEP Field-Flow Fractionation
The DEP field flow fractionation (FEE) method has been explored for separating 
more heterogeneous population o f particles such as latex beads [33], cancer cells [34-36] 
and even nano-partieles [37]. Particles are fractionated depending on their effective 
polarisability and density. An external pump is used to control the flow velocity o f  the 
mixture particles. The particles will follow a parabolic velocity profile, which occurred 
when the fluid flow is laminar. This means that particles move at different speeds along 
the electrode array. Particles will experience buoyancy and negative DEP forces.
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Different sizes and dielectric properties of subpopulation particles will be levitated at 
different heights when these forces are reached equilibrium. The particles are then 
transported at different speeds to the outlet, thus producing a selective separation. 
However, the separated subpopulation o f particles is often mixed with other 
subpopulations due to uncertainty of particle movement.
2.4.3 Travelling-wave DEP
First demonstrated by Batchelder in the early 1980s [38], but was not adopted by 
the wider DEP area until the work o f Masuda et al. [39] essentially rediscovered that 
travelling electric fields could be used to separate particles. A theoretical model was 
developed by Pethig and co-workers [40] to provide further understanding o f travelling- 
wave DEP (TWD) motion. Separation o f particles based on the dielectric properties [41] 
and different sizes [42, 43] were achieved using this technique.
The TWD provides the effect o f pushing the particles without using an external 
pumping source. The traveling electric fields are normally generated by interdigitated or 
parallel electrodes with different phase. In order to create the movement o f particles 
along the electrode plane, the electrodes are energised with three or more periodic 
signals. Commonly, the repetition o f four signals with phases 0°, 90°, 180°, and 270° 
apart are used. This arrangement is shown in Figure 2.5.
0 ° Interdigitated
90° "D 2  electrodes
180°
270°
0 °
Figure 2.5: A  schematic of the action of traveling wave DEP.
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2.5 Microelectrode Geometries
Various geometries o f  eleetrodes have been introdueed to suit the DEP tunetions 
sueh as separation, charaeterisation, manipulation, trapping and sorting. The strength 
distribution o f eleetric field produced by one type o f geometry is different from other 
geometry. Therefore, the design o f eleetrode geometry is a critieal parameter in 
determining the magnitude o f  DEP force and effectiveness in implementing the 
particular functions.
2.5.1 Pin and needle electrodes
In the early years after the diseovery o f  DEP, forees were ereated using the 
electrodes in the form o f pin and plate [15, 44]. The diameter o f pin electrodes used at 
that time was bigger than 0.5mm and required high voltages (up to 200V) to generate an 
electrie field. The use o f high voltages often interfere the DEP-indueed movements o f  
particles due to fluid motion arising from thermal effects. Later, needle electrodes were 
used to examine the alteration in dielectric properties o f the eancerous cell line K562 
[29, 45]. The experiment was demonstrated using two needles facing each other at the 
100pm distance. Due to the DEP fbree strongest at the edge o f electrodes and beeome 
weaker with inereasing the eleetrode gap, only particles near to the eleetrodes were 
affeeted by the DEP force. Therefore, manipulation and separation using this 
arrangement o f eleetrodes were limited to large partieles like cells.
2.5.2 Planar Microelectrode Arrays
In order to manipulate sub-micron particles with DEP, electrode dimensions 
were scaled down to the micron level. Typically, the micro structure electrodes were 
made o f  thin conductive film and fabrieated on a glass substrate. Sueh designs were 
known as planar eleetrodes or two dimensional (2D) eleetrodes. There are a lot o f 
interest using planar electrodes beeause o f the high level o f electric field strength can be
aehieved even with the small magnitude o f the voltage supply.
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An early use o f planar electrodes was the isomotive geometry produced using 
photolithography technique. This micro-scaled electrode was able to provide an equal 
DEP force as the electric field gradient lies between the two curved electrodes along the 
arrowed line (Figure 2.6). It has been demonstrated to characterise yeast and algal cells 
using positive and negative DEP [46]. However, separation o f particles into two 
homogeneous groups is difficult to perform because the repelled particles can not be 
collected in well-defined regions.
Triangular
electrode
Curved electrode
Direction of electric 
field gradient
Figure 2.6: A diagram of the isomotive electrode geometry.
Then polynomial electrode geometry was devised to overcome this limitation. 
The design forms the basis o f the quadrupolar electrodes illustrated in Figure 2.7. This 
electrode design was developed by Huang et al. [47] to produce well defined non- 
uniform electric fields for negative DEP applications. The time average force magnitude 
at a point in the interelectrode gap is much higher than the centre o f the electrode array. 
Therefore particles can be collected by positive and negative DEP because o f these 
different regions o f high and low forces. There have been attempts to use o f polynomial 
electrode in separating two different viruses, Tobacco Mosaic Virus and Herpes Simplex 
Virus [48].
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Interelectrode gap
270°
180°
90°
Figure 2.7: A diagram of the polynomial electrode geometry.
The most common form o f electrode geometry used for DEP separation o f 
bioparticles such as cancer cells [49] over a large area is a periodically repeating 
interdigitated geometry as shown in Figure 2.8. The values for electric field gradient by 
this type o f geometry decay exponentially with the distance from the electrode plane, at 
a rate inversely proportional to the characteristic electrode periodicity [1, 50]. This value 
is important for detennining the dielectrophoresis force exerted on bioparticles for the 
separation purpose.
Electrode gap
Direction of particles flow
Electrode width
Figure 2.8: A periodic array of interdigitated bar electrodes
Wang et al. [51] introduced interdigitated castellated geometry to improve the 
efficiency o f trapping bioparticles. The electrodes are shown schematically in Figure 
2.9. The edges o f the electrodes are castellated to create well defined regions o f high and 
low field gradient. Particles are trapped in potential energy wells under the action o f
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negative DEP can be easily removed from the electrode structure by fluid flow than 
those trapped under positive DEP. Eluang et al. demonstrated separation o f multiple 
bacteria from blood using this electrode [52].
Direction of particles flow
Figure 2.9: An interdigitated castellations electrode structure
A spiral electrode design for TWD was used to separate and concentrate human 
breast cancer cells from mixtures with blood [53]. As shown in Figure 2.10, the design 
consists o f four parallel lines running in a growing concentric circle shape. As the four 
lines spiral outward, more and more parallel tracks are created for TWD. The advantage 
o f this design is the number o f metal contacts is remains four even though the spiral 
lines are extended. However, when the numbers of tracks are extended, a bigger area to 
accommodate the tracks is required. Furthermore, it is difficult to collect the targeted 
particle once they are gathered inside the concentric circle.
270° 180°
Figure 2.10: Circular spiral electrode design
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Another pattern o f planar electrodes was developed at the University o f Surrey, 
UK by Hoettges et al. [54]. The electrodes were called ‘zippers’, and consisted o f rows 
o f interlocking circles as presented in Figure 2.11. Effects o f DEP and 
Electrohydrodynamic (EHD) were combined in order to pull particles within a 
suspending medium onto the surface electrode. This offers the advantage o f detecting 
the particles based on the surface detection methods such as surface plasmon resonance 
or evanescent light scattering.
Figure 2.11: A schematic of the “zipper” electrode structures
Recently, the same research group at University o f Surrey, UK has introduced an 
array o f “dot electrodes” to analyse the DEP spectrum o f particle [55]. The electrode 
consists o f micro-circular arrays called ‘dots’ etched on a gold surface o f glass substrate. 
It was sandwiched with a transparent electrode made of a glass slide coated with thin 
Indium tin oxide (ITO). This configuration as can be seen in Figure 2.12 enhances the 
electric field penetration across the entire height o f chamber and produces an 
axisymmetry field distribution within the dot geometry.
Dot microelectrodes
-o a o o
Figure 2.12: The dot microelectrodes structure
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2.5.3 Dielectrophoretic wells
The use o f 2D electrode arrays for separation of heterogeneous particles into 
homogeneous groups involved a small number o f volumes approximately nano-liters. 
This is caused by the electric field strength which cannot penetrate far from the electrode 
edge. Only the particles near the electrode have enough force to be trapped by positive 
DEP. This limits the capability o f DEP to isolate particles from larger volumes o f 
samples.
In order to maximize separation performances o f larger volumes, a 3D electrode 
was introduced. The 3D electrodes named dielectrophoretic well (DEP-well) have been 
developed at the University of Surrey [II]. The structure consists o f a laminate o f 
conductor and insulator layers with holes/wells defined through the laminate. This 
creates alternating conductor-insulator layers along the walls o f the well as can be seen 
in Figure 2.13. This formation is designed to mimic 2D interdigitated electrode 
structures with deep electric field penetration.
Conductor layer
Insulator layer
Figure 2.13: A three-dimensional DEP-well electrode
The DEP-well has been utilised as a characterisation and separation tool. By
applying the conductive layers with opposite voltage phases, the strongest electric field
is found at the edge o f the well and become weaker when it goes to the middle. This
makes the well suitable to separate a mixture o f two populations o f particles in which
one population will be trapped at the edge o f the well by positive DEP. The remaining
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population either influenced by negative DEP or not, can be flushed away with the aid o f 
fluid flow. The electric field is turned off to release the trapped particles so that it can be 
collected with the same flow rate or faster. Fatoyinbo et al. has reported that separation 
o f heterogeneous populations o f bio-particles can be effectively accomplished and 
quicker using this electrode compared to the planar electrode device [56].
Besides that, the well is mainly used as a characterisation assay. It has been 
utilised by Hughes and co-workers to characterise the blood cell [57], cancer cell [58] 
and bacteria [30, 59]. As shown in Figure 2.14, light is passed through the well to 
observe the behaviour of the particles at different frequencies under DEP effects using 
camera. The movement o f particles either attracted to or repelled from the well edge 
causing the light intensity changed. These changes are recorded by camera to determine 
the strength and direction o f the DEP force. When the centre o f the well became darker 
it indicates that more particles have been repelled by the stronger negative DEP force. 
On the other hand, if the well appears lighter in the middle, it shows that particles 
attracted to the edge. More bright means greater positive DEP force.
Camera Camera 
No field applied
n u a i*  .  ,  i  mm
Camera
egative
DEP
Light
source
Clear base Light
source
Positive^
DEP
Clear base Light
source
Figure 2.14: The technique of using DEP-well as a characterisation tool.
The properties o f the cell wall, membrane or cytoplasm of the particles will then 
be determined by matching the light intensity changes at different frequencies against a 
mathematical model o f the particle [26, 60].
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2.6 Laboratories-on-a-chip
The revolution in microfabrication techniques as a consequence o f electronics 
industry has now spread to the areas o f pharmaceutical, biotechnology, and biomedical 
device. Photolithography, etching techniques and deposition methods has been used to 
create micro components such as micropumps, microfluidics, microsensors and 
microelectrodes on silicon or glass substrate. These components are then integrated to 
form laboratories-on-a-chip devices. The device can be used efficiently to carry out full- 
scale analyses from sample introduction to cell separation, manipulation and detection.
The first device to use micro fabrication techniques to build a dielectrophoretic 
laboratory-on-a-chip was the “dielectrophoretic fluid integrated circuit” developed by 
Washizu, Masuda and Nanba [39]. This device was able to store and transport cells step- 
by-step around microfabricated channels and sort them into different outlets.
Gascoyne et al. [19] have designed a device for separating several different 
cancerous cell types from blood. The device consisted o f 2D electrode arrays and 
maintained by a thin gasket as a separation chamber. The separation was achieved in a 
small volume of cell mixture sample which produces low throughput.
Medoro et al. [61] has proposed the lab-on-a-chip approach to electronic 
manipulation and detection o f microorganism. The design combines DEP with 
impedance measurement to trap and move particles while monitoring their location and 
quantity into the device. This is the first frilly electronic device system without the need 
for fluid flow or external optical components, which tend to be bulky and expensive. Li 
et al. [62] was developed a micro fluidic biochips with 11.6pm depth chamber. A 
technique o f Kalium Hydroxide (KOH) etching was performed to construct the tiny 
chamber. A metal pattern o f interdigitated electrode array was formed at the bottom o f 
the chamber. The top o f the chamber was covered with a glass slide by epoxy adhesive. 
The chamber was used as a dielectrophoretic filter for bacteria, spores yeast cells and 
polystyrene beads. Another DEP micro fluidic device using two planar electrode slides to
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form 3D DEP gates was developed by Cheng et al. [63]. A flow channel was patterned 
on the SU-8 epoxy resin and then placed in between the electrode slides. The device was 
tested to sort and concentrate mixtures o f  latex particles, E. coli Nissle, Lactobacillus 
bacteria, and Candida albicans a throughput o f 3pl/min.
A continuous cell separation chip using hydrodynamic DEP process was designed 
by Doh et al. [8]. The design consists o f three planar electrodes, microchannel, two inlet 
for medium solution and one inlet for cell mixture pumped in and three outlet ports for 
separated cells pushed out. The electrodes were fabricated on the glass substrate while 
the microchannel was made up o f a silicon-based organic polymer or 
PolyDiMethylSiloxane (PDMS). The PDMS microchannel and the glass substrate were 
attached together by oxygen plasma treatment. The fabricated device performs a 
continuous separation o f the viable and non-viable yeast cell mixture at the flow rate in 
the range o f  0.1—Ipl/min; thereby, resulting in the purity ranges o f  95.9-97.3% and 
64.5-74.3% for the viable and nonviable cells respectively.
The popularity o f using PDMS as the material to fabricate a micro fluidic channel 
continue to increase due to its low cost, ease o f fabrication, oxygen permeability and 
optical transparency [64]. Another separation device using PDMS was demonstrated to 
separate MDA231 breast cancer cells from normal blood cells [65]. The chromium (Cr) 
electrodes were deposited on the surface o f the quartz substrate. Separation efficiency 
between 95 and 98% was achieved at flow rate o f O.lml/h.
Lewpiriyawong et al. have successfully separated a mixture o f  bacterial cells 
(E.eoli), viable yeast cells, non-viable yeast cells and latex particles in a PDMS 
microfluidic device [66]. The device was integrated with sidewall composite electrodes 
made o f silver (Ag) and PDMS. Flow rate o f 0.06pFmin was generated through the 
suction effect by a syringe. With this low flow rate, the separation efficiency o f  97% was 
achieved.
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3.1 Introduction
In this project, a complete cell separation system comprising hardware and 
software components is developed. The constructed hardware includes a separation 
device, a sample collector and an optical system. Other instruments such as a switching 
valve, an oscilloscope, a syringe pump and a signal generator are utilised to assist the 
process o f separation. A mixture o f cells (viable and non-viable yeast) is prepared and 
pumped through the separation device. To separate the cells, the 3D DEP-well electrode 
is used. The viable yeasts are pulled towards the edge o f the DEP-well electrode by the 
positive DEP while the non-viable yeasts are collected at the device outlet. To release 
and collect the viable yeasts, negative DEP is generated. The trapping efficiency o f the 
separation device employing the DEP-well electrode is determined by optical system at 
earlier stage. Later, the efficiency is calculated based on the number o f cells collected 
using the sample collector. Any effort that has been devoted to realise the cell separation 
system will be enlightened in this chapter.
3.2 Single Well
A system without separation device is developed to separate two populations o f  
cells and determine the cell trapping efficiency using only one well electrode. Five 
different field exposure times are applied to produce a comparable result. The outcomes 
obtained are compared with the predicted simulation result and discussed in Chapter 6. 
In addition, the results can be used to estimate the cell trapping efficiency when utilising 
more than one well later.
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3.2.1 Experimental Setup
The system consisted o f the Arduino board, two switches, a linear stepper motor, 
a motor driver circuit, X-Y positioning stage, Z direction movement device with syringe 
holder attached, 5pi Hamilton microliter syringe, the well electrode glued with 
coverslip, an oscilloscope and a signal generator.
Oscilloscope
9 °
1..........1
Generator Lo
step p er
Motor
Syringe
holder
Syringe
S1
—1 Arduino | 5 g g2 
board
Legend
=  Dielectrophoretic well Chip KrrobA ©  Knob B
B Switch
Figure 3.1: Experimental setup to determine the efficiency of cell trapping in single well
As shovm in the Figure 3.1, knob A is used to move the syringe up and down in z- 
direction while knob B is used to position the well electrode in x and y directions. 
Needle that attached to the 5pi Hamilton syringe (Sigma-Aldrich, UK) was replaced 
with fused silica untreated tube with inner and outer diameters o f 0.32mm and 0.45mm 
respectively (Sigma-Aldrich, UK) for handling a small volume o f cell suspension in the 
small diameter well. The syringe’s plunger is moved forward and backward by the linear 
stepper motor (RS components, UK). The direction and speed o f  the motor are 
controlled by two switches (SI and S2) which connected to the standalone Arduino Uno 
Atmel ATmega 328 board (RS components, UK).
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Figure 3.2 shows a schematic diagram o f the circuit made to drive and control the 
movement o f the stepper motor.
S1 Arduino Uno Atmel
ATmega 328 board
v c c
D2
D6 D3
D7 D4
D5
GND
12V
ULN 2003
T
To linear 
stepper 
motor
Figure 3.2: Schematic diagram of the circuit made to drive and control the movement o f the linear
stepper motor
As can be seen in Figure 3.2, port D o f the Arduino board particularly on pin D6 
and D7 were assigned as inputs to receive a signal from the push-on type switches. 
Another four pins namely D2, D3, D4 and D5 were set as outputs to send a sequence o f  
step signal to generate the stepper motor moving forward. The step signal is shown in 
Table 3.1. While reversing the sequence o f the step signal has led to the backward 
movement. A 7-bit 50V 500mA TTL-input NPN darlington driver or as known as 
ULN2003 (RS components, UK) was used to drive the stepper motor according to the 
step signal. In addition, a pull-up resistor (lOkfl) was added in parallel to the connection 
o f the switches with the inputs pin o f the arduino board. This limits the current flow 
especially when the switches were pressed on, hence avoids the short circuit.
Table 3.1: The full step sequence to operate a stepper motor
^ ^P o rt
S t e p ^ \ .
P3 P2 PI PO
1 0 1 1 0
2 1 1 0 0
3 1 0 0 1
4 0 0 1 1
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The stepper motor is driven at a desired flow rate depending on the application 
used (Table 3.2), In order to produce the desired flow rate, a speed o f the stepper motor 
is controlled by an interval time. The interval time is calculated using Equation 3.1 and 
then defined in the programming code in between each the sequence o f step signal.
60 X 7r(JD/2f X m interval time (sec) = ----------------------  (3 1 )
where ID is the inner diameter o f the silica tube, m is the linear travel per step and Q is 
the flow rate having a unit o f  pEmin. As the stepper motor has a linear travel capability 
o f 0.0254mm per step, the interval time o f 0.245 seconds and 0.012 seconds were 
calculated to produce the flow rate o f 0.5pEmin and 1 OpEmin respectively.
Table 3.2: The combination of switch 1 and switch 2 to control the direction and the flow rate driven
by the stepper motor
Switch 1 Switch 2 Direction Flow rate 
(pEmin)
Application
OFF OFF NA NA No movement
Pressed
ON
OFF Moving
backward
0.5 Withdrawing the sample from the wells
OFF Pressed
ON
Moving
forward
10 Ejecting the collected sample or ethanol 
that contained in the silica tube
Pressed
ON
Pressed
ON
Moving
backward
10 Filling the silica tube with the ethanol
A code o f programming (Appendix A) is written using Arduino alpha software 
version 0018 and uploaded into the Atmel ATmega 328 memory space in order to create 
the stand-alone system. The Arduino alpha software is open-source software developed 
to facilitate the writing and uploading the code for the Arduino board. The code was 
written according the flow chart shown in Figure 3.3.
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start
Switch 2 (S2)Switch 1 (S1) OFFOFF-
Pressed ON P^ressed ON-
OFFSwitch 2 (S2)
Pressed ON
Move forward with 
interval time of 
0.012 seconds
Move backward 
with interval time 
of 0.245 seconds
Move backward 
with interval time 
of 0.012 seconds
No movement
Figure 3.3: Flow chart of the process to control a stepper motor with two switches
3.2.2 Experimental Procedures
A mixture o f two cell populations which were viable and non-viable yeast cells 
was used in evaluating the trapping efficiency o f cells using the single well. The 
procedure o f preparing the cells was discussed in Chapter 3.5. The cells mixture consist 
o f 50 ± 1% of viable and 50 ± 1% of non-viable yeast with an average total 
concentration o f 7.4 x 10  ^ eells/mL (± 9%). For each experiment, two wells were filled 
with the prepared cells and then placed on a microscope stage. Each well contained 
approximately 0.5pi o f the cell suspension which was calculated based on the actual 
dimension o f diameter size (0.70mm) and thickness o f the well (1.455mm). A signal 
generator was used to supply an AC voltage o f 20Vpp at 1 MHz frequency to only one 
well (first well). The other well or second well was left unconnected to the applied 
signal. The 1 MHz frequency was chosen based on the DEP spectrum of the cells which 
generates positive and negative DEP forces to trap the viable and repel the non-viable 
yeast cells respectively.
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For the purpose o f control, the cells contained in the second well were withdrawn 
at O.SpFmin. The collected cells were transferred into an Eppendorf tube and stained 
with 9.5pl o f trypan blue solution. The stained cells were filled into the haemocytometer 
in order to determine the percentages o f viable and non-viable cells. The efficiency o f 
the well in separating the cells was evaluated by applying the first well with the defined 
signal for varies o f exposure time (tx) between 1 and 5 minutes. Within each o f  the field 
exposure time, the silica tube tip was dipped into a beaker contained 70% ethanol and 
washed a few times by pulling and ejecting the ethanol at flow rate o f lOpFmin. This 
will remove the remaining cells that attached on the tube tip. Once the time is ended, the 
silica tube tip was moved down and aligned slowly until it touched the centre o f the well 
base. The untrapped cells were then withdrawn at O.SpFmin while the electric field is 
remained applied. By pulling at the slow flow rate, it could minimise the trapped cell 
from being pulled out o f the well. The process o f staining and determining the 
percentages o f the viable and non-viable cells were repeated for the untrapped cells. The 
entire process o f the experiment was repeated for more than 5 times in order to obtain a 
reliable result. Additionally, in between each repeated experiments, the well chip was 
dipped into the beaker contained 70% ethanol and cleaned in an ultrasonic bath for one 
minute. This was done to remove any remaining cells in the wells which could interfere 
with subsequent experimental outcome.
3.3 Development of Separation System
In order to separate a large volume o f sample that consist o f two populations o f  cells
and produce high throughput separation, a pump is required to drive the mixture o f  cells
throughout a separation device. Figure 3.4 shows the integration o f  some instruments
with the separation device to create a separation system. The instruments were grouped
into cell handling, electronics instruments, controlling and monitoring system. A
switching valve which could introduce a specific volume o f sample was proposed at the
beginning. The laminated DEP-well electrode was applied with an ac signal using a
signal generator which the signal was monitored by an oscilloscope. The output o f the
separation device was collected by sample collector which controlled the volume o f
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collection using computer. The numbers o f eells colleeted were then counted using a 
haemoeytometer under a mieroseope.
ac signal
inlet Outlet
Oscilloscope
Computer
Microscope
Switching Valve
Syringe Pump
Sam ple Collector
Optical System
Signal
Generator
Separation
Device
Cell Handling Controlling System
V  Parallel port
Electronic Instruments
Monitoring System
Figure 3.4: General block diagram of separation system
3.3.1 Cell Handling
Both syringe pump and switching valve were used to deliver 500pl o f yeast 
sample through the separation device without flow obstruction caused by the presence o f 
bubbles.
3.3.1.1 Syringe Pump
A syringe pump (Model A-99, Razel Scientific Instruments) was used to inject cells 
and separation medium continuously into a separation device. The flow rate can be set 
depending on the syringe size used. The settings for the syringe pump to inject the cells 
contained in a 1ml syringe size at a range o f flow rate between 5pl/min and 40pl/min are 
shown in Table 3.3.
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Table 3.3: The settings for the syringe pump to inject cells in a 1ml syringe at a desired flow rate
Flow rate (pFmin) Setting
5 08.0
10 16.0
20 32.0
40 64.0
3.3.1.2 Switching Valve
A six-port electronic valve actuator (EVA 7000, Jones Chromatography) was 
introduced to load any specific amount o f cell sample without flow interruption. It 
prevents the formation o f bubbles that will obstruct the flow o f cells. A loop attached to 
the valve was used to fill up an accurate volume o f cell sample. In this system, the loop 
used contained precisely 500pl o f sample. There are two positions for operating the 
valve; one is for loading the cell sample into a loop, and the other for filling the 
separation device with separation medium (valve in load position) (Figure 3.5). When 
the valve is in the ‘Inject’ position, the cell sample together with the separation medium 
is injected into the separation device. This allows all the cells to pass through the 
separation device and subsequently washed out by the separation medium.
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Cell
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Separation
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i Separation 
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Load Inject
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Device
Figure 3.5: Six-port switching valve arrangement for loading (left side) and injecting (right side) the
cell sample.
3.3.2 Monitoring System
Initially, the performance o f the separation device was monitored based on the 
changes o f light intensity over time. By comparing the intensity at the outlet and the 
inlet, the device efficiency of trapping cells was determined. Afterwards, the trapping 
efficiency o f the device was calculated based on the number o f cells. The number o f 
cells before and after flowing through the separation device was counted using 
haemocytometer and microscope. This method is more reliable and constant.
3.3.2.1 Light Intensity Measurement
The Light Emitting Diode (LED) from TruOpto and photodiode (RS Components) 
were attached at two blocks o f hard black plastic separately. A small hole (500pm in 
diameter) was drilled perpendicular with the tube channel to let the light pass through. 
An adjustable regulator (LM317) was used as a precision current regulator and 
connected with other components as drawn in Figure 3.6. To keep the light consistent, 
the current was set to be constant and it can be determined using the following equation 
[67]
‘ - ' i
(3.2)
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The LED requires minimum 20mA to light up, thus makes the value o f Rc to be 
50fl. The light detection was placed at the inlet and outlet tubing to sense the presence 
o f cells. The voltage output Rom the photodiode was recorded by data logger and stored 
in computer.
Plastic
blockHole
Rc
A A A ^
Phase
Sensitive
M ultim eter
LM317
9Vioon lOpF
LED
Photodiode
Tube
channel
Figure 3.6: The system design for cells detection at the inlet and outlet tubes
The measurements from the photodiode were taken using the Phase Sensitive 
Multimeter (N4L, model PSM1735) under RMS Voltmeter features. It measures the 
value o f voltage that change depending on the intensity o f the light received. More lights 
detected at the outlet means less cell is captured by the device. The changes o f voltage 
value at the inlet and outlet were monitored in order to find out the efficiency o f the 
device in trapping cells. The recorded datawas then transferred to the computer via 
RS232 connection. Mat lab software (Mathworks, Natick, MA, USA) was used to plot 
the graph o f voltage changes over time.
Two light detectors were attached at the inlet and outlet o f the separator device. 
The presence o f cells in the tube reduces the light intensity received by the photodiode. 
Later, changed in light is transformed to the voltage value recorded using the Phase 
Sensitive Multimeter as a data logger. Before cells were taken into account, the 
consistency o f the current supply and output voltage of the inlet detector was checked by 
flushing DI water without cells through the detector. The changes can be seen in Figure
3.1 A. Although the constant current was supplied to LED, but still there was little
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change detected at the photodiode output. It might be due to the mains and heat noise 
that interfere the voltage measurement. The effects o f heat noise also can be noticed in 
Figure 3.7B where the voltage rises up rapidly at the first 5 minutes and drop constantly 
after that. This result was used as a base line for the detectors.
A)
Constant current 
regulator output
Photodiode
output
B)
g
V, inlet detector
Outlet detector
------- UW\tJL.......ft__
Figure 3.7: Voltage change: A) Measurement at the output of the photodiode and the current 
regulator. B) Measurement at the inlet and outlet of the separator device by pumping DI water.
Yeast with concentration o f 10  ^cells/ml was loaded in the loop and continuously 
pumped with separation buffer through the separator device at flow rate o f SpFmin. The 
output voltage from inlet and outlet detectors were plotted and shown in Figure 3.8. 
Based on the result, both output voltage detectors at the inlet and outlet were changed 
about 2.5mV which means that no cells are trapped by the device and no problem with 
the cells sedimentation.
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Outlet detector
■ A
' ^ v , r  . inlet detector
2.5mV
50min
Time (rrifi)
Positive DEP ►
Figure 3.8: Voltage output from photodiode at the inlet and outlet of the separator device by 
pumping lO’ yeast cells/ml at flow rate of 5pl/min with applying positive DEP,
The idea to monitor the cells at the inlet and outlet using the light detector can 
makes the system reliable in determining the device trapping efficiency. Unfortunately, 
the output measured from photodiode was unstable and unrepeatable.
33.2.2 Cell Counting
Estimation o f cell concentration is an important part o f the experimental 
procedure, because the efficiency o f a particular electrode may be analysed by knowing 
the number o f cells in the suspension before and after flowing through the electrode. The 
haemocytometer (Fisher Scientific, UK) was used to determine the concentration o f cells 
throughout the experimental procedures, as it is one o f the practical, convenient method 
of counting cells [68]. It consists of a series o f lines that forms a grid (Neubauer type) as 
shown in Figure 3.9. Before cells were loaded into the haemocytometer, a cover glass 
slip and the counting surface were cleaned with 70% alcohol and dried with lens tissues. 
The cover slip was placed on top o f the grid to create a chamber o f specific volume such 
that the cell concentration may be estimated by counting the cells located in the squares. 
About 10pi o f the cell suspension was used to load the chambers on each side o f the 
haemocytometer.
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Cover glass  
slip
Counting chambers 
Cover slip 
mounting support
-0.1mm sam ple depth
Side ViewTop View
Figure 3.9: The Neubauer haemocytometer
To obtain a representative cell concentration measurement, the cells in the four 
comer squares (marked as A, B, C and D in Figure 3.9) within the 1mm x 1mm grid 
were counted. The cell suspension is diluted if the number o f cells is higher than 200 
cells per square in order not to overlap each other and can be counted easily. The total 
number o f cells counted was averaged and then multiplied by the appropriate dilution 
factor. The final concentration o f the cells in ml may be summarised as follows:
Cell concentration per ml
total no. o f  cells in four corner squares ^ dilution factor x \ C (3.3)
Nevertheless, the use of haemocytometer is tiiue consuming, and the average error 
approaches 15-20%, due to cell counting mistake, inaccurate dilution, overfilling the 
haemocytometer chambers and inadequate suspension o f cells [69]. The error may be 
reduced to 5-8% with careful handling during cell counting, suspension diluting and 
filling o f the haemocytometer.
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3.3.3 Sample Collector
When conducting an experiment to detennine the efficiency o f cell trapping and 
recovery, the sample that was pumped through the separation device was divided into a 
few fractions at the outlet. To facilitate the collection o f sample in each fraction, the 
sample collector was built (Figure 3.10). A unipolar stepper motor was used to rotate the 
Eppendorf at a specific interval time depending on the amount o f volume needed to be 
filled in. For example, if sample is pumped at a flow rate o f 5 p 1/m in, 360 seconds are 
required to fill up 30pl o f the sample in each Eppendorf before the motor rotates. The 
motor was driven by four NPN power Darlington transistors via parallel 1/0 port from 
the computer. It rotates 7.5 degree at each step produced by the sequence written in 
previous Table 3.1.
In the design, only 12 Eppendorf tubes can be fixed in one full rotation. The 
angle between each Eppendorf tube holder is set to 30 degrees, which requires four steps 
o f the sequence.
A IN 4 0 0 4  / \ I N 4 0 0 4  1N4004 A  IN4004
TIP120
Stepper
Motor
nterface Circuit
Figure 3.10; The circuit interface to control the stepper motor and sample collector via parallel port
The direction and interval time o f the sample collector was controlled by
interfacing with Mat lab software. A Graphical User Interface (GUI) as seen in Figure
35
Chapter 3 Experimental Methods
3.11 was created to simplify the control o f the sample collector. The ‘DIRECTION’ 
button lets the user to choose the direction o f the rotation motor in accessing the filled 
Eppendorf tubes while conducting the cell counting. The value entered for the ‘Interval 
time’ field is the time required to fill in every fraction with a set amount o f cell 
suspension volume.
motorGUI
STEPPING MOTOR CONTROL
p  ON -OFF p  DIRECTION
1 OFF 1 RIGHT
Interval time-
Figure 3.11: GUI for controlling the direction and interval time of the sample collector
3.3.4 Separation Device
At early design, the separation device was constructed using two pieces o f Perspex 
namely upper and bottom parts. The DEP-well electrode was placed in between these 
two Perspex and two gaskets (or flow channel, made o f photopolymer resin). Clips were 
used to provide sufficient pressure onto the gaskets in order to prevent leakage at the 
joined parts. An inlet was produced on the upper part to allow cells to be continuously 
directed through the well electrodes. Meanwhile, an outlet was created on the bottom 
part to collect the outcome from the electrodes. To optimise the separation process, the 
design and structure of the device was altered. This includes the amendment o f position 
o f inlet and outlet, then elimination o f inlet tubing and later arrangement o f well using 
new design of gasket.
The assembled device was injected with cell suspension using a syringe pump. Once 
the solution is considered to be in laminar flow, a signal generator (Digimess EG 100,
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Farnell) was switched on, applying 20 Volt peak to peak (Vpp) at a specific frequency to 
generate an electric field across the electrode. The applied signal was monitored using 
oscilloscope (IDS? 10, Iso-tech). The frequency was selected according to the DEP 
spectrum o f the cell. When cells experienced positive DEP, they were trapped by the 
electrode. To release the trapped cells, the frequency was changed to produce negative 
DEP. The outcome of device was collected at the outlet using an Eppendorf tubes which 
were positioned in the sample collector.
3.3.4.1 DEP-well Electrode Fabrication
The electrode used was manufactured from eight interleaved layers o f  copper 
having a thickness o f 70pm and seven layers o f electrically non-conductive fibreglass 
reinforced epoxy (FR4) having a thickness o f 120pm. A number o f holes with a 
diameter o f 700pm were drilled through the interleaved layers (Figure 3.12). The 
alternate conducting layers were applied with voltage o f opposing phases to form a 
series of vertical electric fields along the wall.
m m .
TT4connecoon
■
M -20 (20 holes) M d 6 ( 1 6
Figure 3.12: Two different patterns of manufactured laminate DEP-well, M -20 (left) has 20 holes,
and M-16 (right) has 16 holes
As the diameter o f DEP-well is too big for the particles near the centre to be 
influenced by DEP force, another well with smaller holes is required. It is expected that
by minimising the hole diameter, there will be an inerease in the penetration o f electric
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field across the well. Therefore the cells suspended away from the edge o f well can be 
attracted by the positive DEP force and lead to the increasing o f  cell trapping 
percentage.
The next DEP-well was constructed from 20 layers o f 35pm-thick o f  copper and 
lOOpm-thick o f  polyimide adhesive tape. Both materials were arranged alternately and 
were drilled using a micro driller (model 395, Dremel) with high speed steel (HSS) drill 
bits (RS components, UK) to create holes with diameter o f 500pm, However, the use o f 
these materials caused the copper layers to touch each other when drilled, thus causing 
short circuits. Therefore another type o f  material needed to be chosen to replace this 
insulator.
A plastic film (polyethylene terephthalate (PET)) with thickness o f  120 pm was 
selected to replace the polyimide layer. The material was found to be more rigid and 
produced a circular cutting at the edge using Tungsten carbide drill bit (RS components, 
UK) with diameter o f 500pm. In order to stick the plastic layers strongly, a 40pm-thick 
copper tape (RS components, UK) covered with 24pm-thick acrylic adhesive on both 
side was used. Two wires were soldered on the two sides o f the copper layers to provide 
voltage connection, and a total o f 25 holes were drilled through the 9 layers o f this 
combination material (Figure 3.13). The distance between the centres o f one hole to the 
other was about 2mm. It was found that the diameter o f constructed DEP-well was 
slightly bigger than the diameter o f the drilled bit. The size measurement was taken 
using the PhotoLite software, which was connected to the microscope. The average 
diameter o f the DEP-well was 580 ± 25.65pm. This electrode will be referred to as C-0 
in subsequent parts o f this report.
38
Chapter 3 Experimental Methods
Voltage
connection
Figure 3.13: The 580^m diameter of DEP-well consists of 25 holes that made of 5 layers of 40pm- 
thick copper tape with 24pm-thick acrylic adhesive and 4 layers of 120pm-thick transparency
plastic
For the straight well which the geometry is axisymmetric cylindrical, the force 
acting on a particle at the centre o f the well is equal to zero. This reduces the area where 
particles can be influenced by the DEP force and result in unable to attain an optimum 
trapping efficiency. Therefore, an idea o f tilting the straight well is proposed to 
overcome this problem. The tilted or angled DEP-well (referred to as C-35) was 
constructed with the same materials as straight well but was drilled at 35° angle from 
vertical axis on the adjustable angled base. A total o f 25 holes were drilled through the 
well. The actual diameter o f the hole was unable to be measured by the mieroscope, due 
to the nature o f the hole when viewed under the microscope. It was assumed that the 
diameter size o f DEP-well C-35 was close to the DEP-well C-0. The cross-sectional 
geometry of each hole with dimensions is shown in Figure 3.14.
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A dhesive/ ^
C o p p e r / } ^
(40pm)
,PET(120pm) / '
Figure 3.14: Cross-sectional view: geometry of slanted well drilled at 35° with the assumption 
(580pm) and calculated (708pm) dimensions
All o f the DEP-well constructions mentioned above were summarised in Table 
3.4 and were tested to determine the efficiency in trapping cells.
Table 3.4: Summary of DEP-well specifications
D E P-w ell M -16,M -20 C-0 C ^ ^
D iam eter 700pm 580pm 580pm
N o. o f  holes 16,20 25 25
A ngle straigh t (0°) straigh t (0°) 35°
C opper th ickness 70 pm 4 0pm 40 pm
N o. o f  copper 
layers 8 5 5
Insu lator m aterial
F ibreg lass 
R ein fo rced  (F R -4)
P o lyethy lene  
T ereph thala te  (P E T ) +  
A cry lic  adhesive
P o lye thy lene  
T ereph tha la te  (P E T ) +  
A cry lic  adhesive
T o ta l insu lator 
th ickness 120 pm 168pm 168pm
N o. o f  insu la to r 
layers 7 4 4
C alcu lated
th ickness 1.4m m 0.872m m 0.872m m
M easured
th ickness 1.455±0.002m m 0.9± 0 .02m m 0 .9 ± 0 .02m m
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3.3.4.2 Electrode Impedance Measurement
As the DEP-well was constructed from laminated materials, it produced both 
resistive and capacitive effects. These effects are translated as impedance and the value 
therefore varies, depending on the applied frequency. The impedance was measured 
using the Phase Sensitive Multimeter (model PSM-1735, Newtons4th Ltd.) coupled with 
impedance analyser interface.
Generally, the signal generator has a small internal output impedance (Zo) o f 
50Dl. The connection between the signal generator and the electrode will therefore create 
a voltage divider (Figure 3.15). The voltage applied to the DEP-well can be calculated 
using Equation 3.4.
Zw
D E P -w e ll x P ; (3.4)Zo + Zw
Only half o f the output voltage from the generator will be transferred across the 
electrode if the electrode impedance (Z^) is equal to Zq, with the rest lost as heat. 
Therefore, it is important for the electrode to have much higher impedance in order to 
prevent the applied voltage (V i) from dropping and creating heat-related effects.
Signal generator
Zo
Vi Impedance of 
dielectrophoretic 
well (Zw)
Figure 3.15: Equivalent circuit o f both DEP-well and generator impedances
To measure the impedance o f three different types o f DEP-well electrodes 
namely M-20, C-0 and C-35, the wells were filled with the separation medium at two 
levels o f conductivity, which was adjusted using PBS. The changes o f  impedance value 
over a range o f frequency for 50pS/cm and 150pS/cm of conductive media were 
recorded. The results o f impedance over frequency for the M-20, C-0 and C-35 are 
shown in Figure 3.16.
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Impedance of DEP-well over frequency in different conductivity separation medium
500 500
—e — 50uS/cm 
—B- —150uS/cm
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200200 200
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Figure 3.16: Impedance of the DEP-well over the frequency in different conductivities of separation 
media: A) DEP-well M-20, B) DEP-well C-0, C) DEP-well C-35.
Based on the measurement, the impedance o f the DEP-well M-20 started to drop 
below 50f) between the tfequencies o f 5.7 MHz and 7.5 MHz. In this case, the well was 
acting like a band-stop filter which is bounded by lower and upper cut-off frequency. On 
the other hand, for DEP-well C-0 and C-35, the output voltage was halved at two 
separate frequencies, namely between 3.4 MHz and 4 MHz and also 10 MHz onwards. 
The cut-off frequencies for both DEP-well were similar, although C-35 well was tilted at 
35° and produced slightly wider surface o f electrode and insulator compared to C-0 well. 
In contrast, there was only a slight difference to the impedance between DEP-well C-35 
and C-0. The DEP-well M-20 has less capacitive effects, as shown by the higher cut-off 
frequency than other type of wells.
Moreover, it was found that by increasing the conductivity o f separation 
medium, the impedance decreases but did not affect on the filter boundary. This 
indicates that the electrode has the ability to deliver more than half the required power 
outside the limited frequency even when highly conductive medium was used.
In conclusion, DEP-well M-20 and C-O/C-35 have a difference characteristic 
frequency limit that is dependent upon the material o f the electrode and the insulator.
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When analysing a DEP spectrum o f  particle using DEP-well, problems such as low 
signal power or the amount o f heat produced can affect the results at high frequencies 
due to the characteristic impedance limitation. This is one o f the main drawbacks o f 
using laminated DEP-well.
3.3.4.3 Gasket/Flow channel Fabrication
A photopolymer resin (Polydiam Industries Ltd., UK) was used to produce a 
gasket that worked as a flow channel. It was required to prevent fluid leaks by providing 
a barrier between the top and bottom cover o f the separation device. It becomes slightly 
harder and adhesive when exposed to ultraviolet (UV) light. This polymer offers 
excellent flexibility and adhesiveness that can withstand pressure and compression 
forces from the syringe pump and fasteners, respectively.
In order to produce the gasket, a mask that determines the desired pattern o f the 
channel was first placed on top o f the UV light box, followed by a plastic sheet and 
rubber tapes. The rubber tapes determine the thickness o f the fabricated gasket. Then the 
polymer resin was poured over the mask. The plastic sheet was used again to cover up 
the resin in order to peel it off easily after it was cured. The pattern on the mask will 
cure and be transferred to the polymer after following exposure to the UV light for about 
60 seconds. The uncured areas that were blocked by the mask from the UV light were 
removed with soap in sonic bath. As a result, a gasket with the desired pattern as shown 
in Figure 3.17 was successfully fabricated in-house without the need o f  any specialised 
equipment.
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lOOum-thick rubber
a  J mask f} \ 500um-thick polymer
UV light
Figure 3.17: The flow channel/gasket outcome after passing through the fabrication process
Two different patterns were prepared for the separation device, and the thickness 
o f the rubber tape used to define the thickness o f the flow channel/gasket was 500pm. 
Consistency in producing flow channel/gasket o f the same thickness was tested using 
digital micrometer, and a discrepancy o f ± 37pm was recorded. Figure 3.18 shows the 
dimensions o f the mask for preparing the gasket/flow channel.
Mask 1 r-^ AT- Mask 2
- I
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Upper/Bottom flow 
channel mask
Upper flow channel 
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Bottom flow channel 
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Figure 3.18: Dimensions of masks to produce the flow channel/gasket for each of the DEP-well used.
Based on Figure 3.18, mask ‘1’ was used to produce a circle gasket that can 
accommodate all holes o f DEP-well M-16, while mask ‘2 ’ was used to fabricate two 
gaskets o f different patterns that allow cells to flow through each hole at a time when
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sandwiched together with the DEP-well M-20 electrode. For the DEP-well C-0 and C- 
35, the masks produced were similar with the mask ‘2 ’ with a slight change to fit the 
total number of holes.
3.3.5 Device Efficiency
The efficiency o f the separation device in cell trapping and recovery is calculated 
based on the number o f cells collected in each o f the Eppendorf tubes. A ratio o f cell 
concentration in each fraction to cell concentration in the initial sample is determined 
due to the different cell concentration prepared in each experimental procedure. The 
ratio is then plotted to produce a comparable cell trapping and recovery result. Figure 
3.19 shows the profile o f cell collection throughout the trapping and recovery processes.
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Figure 3.19: The profile of cell trapping and recovery (solid line) and control (dotted line)
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Twelve portions o f  sample are collected throughout each o f the experiments. For 
the first two fractions, cells are collected without applying an electric field to get an 
initial number o f  cells pumped in the device. The electric field is turned on throughout 
the subsequent five fraction periods to generate positive DEP (trapping cells). 
Considering the separation device is ideal, it should be capable o f trapping all cells 
during the period o f trapping and the outcome can be gathered straightaway. The total 
ratio o f cell collected during the process o f trapping is compared to the total ratio o f cell 
in that trapping period (control profile) to calculate the percentage or efficiency o f cell 
trapping. The control profile refers to the cell collected at the outlet o f the separation 
device without the presence o f electric field throughout the twelve fraction periods. 
Therefore, the cell trapping percentage or efficiency can be determined as follows:
C l  \
Y^Rtr,
1 - 4 ^ —  x i o o %% cell trapping =
Y ^ R c
/= 3
/
(3 5)
w here /is  the fraction number, Rc is the ratio o f cell when no electric field is applied and 
Rtr is the ratio o f cell during the trapping and recovery process. The trapped cells are 
then released by changing the signal to a different frequency that produces negative 
DEP. The ratio o f cell collected after this change will then be used in Equation 3.6 to 
calculate the percentage o f cell recovery:
% cell recovery = ^ X100 94
YiRc^-Rtrp
/= 3
(3.6)
Percentage o f cell loss is calculated using Equation 3.7 to determine the 
efficiency o f the separation device in handling the cells without loss, either due to 
sedimentation or being left in the dead volume:
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totalno. o f  cells pumped in -to talno. o f  cells collected
% cell loss = ------------    , r— ------------- --------------------- X100 % (3.7)
totalno. o f  cells pumpedin
3.4 Cell preparation
Yeast cells (Saccharomyces cervisiae) were cultured in a simple mixture o f 
medium, made from 2g o f yeast extract-peptone-glucose (YPD) broth (Sigma Aldrich, 
UK) mixed with 40ml o f  deionised (DI) water. The medium was previously sterilised in 
the autoclave at 121 °C for 15 minutes. A small amount o f yeast cells was scraped from a 
cultured colony on an agar plate using a sterile loop and dipped into the prepared 
medium. The agar medium was made from a mixture o f 6.51 g agar YPD with 100ml o f 
DI water. The YPD broth medium that contained the yeast cells were then placed in the 
incubator for about 18 hours at 37°C.
After the cells were grown, they were pipetted in an Eppendorf tube and 
centrifuged at ISOg (1500 r.p.m.) for 3 minutes. The supernatant was then removed and 
the cell pellet was washed by resuspending it with 1ml o f separation medium. The 
separation medium consists o f a mixture o f 2.55g D-mannitol in 50ml DI water to 
provide iso-osmotic medium. Drops o f phosphate buffered saline (PBS) were added to 
adjust the medium’s conductivity to 5mS/m, verified using conductivity meter (HI8733, 
HANNA instruments). The centrifugation and washing process were repeated three 
times before the final concentration o f the cells was obtained. To prepare non-viable 
yeast cells, the grown cells were heated to 90°C for 20 minutes [70]. The process o f 
centrifugation and washing as describe above were repeated three times using the similar 
separation medium and conductivity.
3.5 Cell Viability
Besides cell number and concentration, the haemocytometer can also be used to
distinguish between viable and non-viable cells with the addition o f specific stains.
Tiypan blue solution 0.4% (Sigma-Aldrich, UK) is among the stains used to improve
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cells visualisation and counting. To calculate the percentage o f viable eells, one part o f 
cell suspension and one part o f trypan blue are mixed thoroughly with a pipette in the 
Eppendorf tube. Cells are then counted within 3 to 5 minutes following the staining 
process. About lOpl o f the stained cells suspension is filled into the chamber o f the 
haemocytometer. Cells are visually examined through microscope to determine whether 
they absorb (stained) or exclude (unstained) the blue colour. Total number o f cells 
including the unstained (viable) and stained (non-viable) cells, is counted to calculate the 
percentage o f cell viability:
Vo Cell Viability = 1- no.of stained cell 
total o f  cell count
xlOO% (3.8)
3.6 DEP Spectrum Analysis
The computer program to record and analyse the DEP spectrum using DEP-well 
electrodes is previously developed at the Centre for Biomedical Engineering, University 
o f Surrey. The DEP spectrum o f viable and non-viable yeast were obtained and 
discussed in this subchapter.
3.6.1 Procedures
To start with the measurement, the bottom o f the well was sealed with a 
microscope cover slip glass to contain sample suspension within the wells and thus 
allowing light to be transmitted through. A suspension o f highly eoncentrated yeast cells 
(approximately 5 x 10  ^ cells/mL) was prepared in the separation medium with 
conductivity o f 5mS/m. The cell suspension was then loaded into the electrode wells and 
placed on the stage o f the light microscope. The well was then covered with another 
microscope glass slide to avoid light distortions. The top surface o f the well was focused 
using the microscope in order for the overall movement o f the cells to be observed 
correctly. A signal o f 20 Vpp was applied to the well and verified using the digital 
oscilloscope. Typically, a total o f 25 images o f the energised well were captured over a
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period o f 120 seconds. The captured images were then analysed using the program. The 
measurement was carried out at 14 frequency points from 1 kHz to 20 MHz and was 
repeated 3 times. The experimental data gathered was plotted and best fitted with the 
double shell model curve to determine the conductivity, permittivity and the thickness o f 
each layer that forms the internal structure o f yeast.
3.6.2 Viable and Non-viable yeast
Figure 3.20 shows the DEP spectra for both the viable and non-viable yeast cells, 
together with the best-fit model. The corresponding dielectric parameters were obtained 
by manually adjusting the model parameters to fit the experimental data. The best fit 
curve was achieved when the RMS error value is closest to zero.
Dielectrophoretic spectrum of live yeast a  medium = 0.005S/m
Model
Experimental data
•I 0.5
-0.5
Frequency [Hz]
Bands: 4 to 9 Timerange: 0 to 96 sec 
cytoplasm: r = 4pm, a  = 0.2S/m, s = 50 membrane: d =  8nm, a  = 5e-008S/m, e = 6 
cell wall: d = 0.22pm, o  = D.014S/m, e = 60 
RMS error spectrum 0.176C0
Dielectrophoretic spectrum of dead yeast a medium = 0.005S/mB)
 Model
0  Experimental data
”  -0.5I
Frequency [Hz]
Bands: 1 to 9  Timerange: 0 to 95 sec 
cytoplasm: r = 3.5pm, a= 0 .0 G 0 9 6 S /m ,e = 55 membrane: d = 8nm, a  = 0 .0 04S /m ,e=  4 
cell wall: d = 0.25pm, 0 = 0.0001 S/m, s = 60 
RMS error spectrum 0.14Œ3
Figure 3.20: DEP spectrum obtained experimentally (o) using the DEP well and the best-fit lines (-): 
A) viable yeast, B) Non-viable yeast. Both cells are suspended in conductivity medium of 5mS/m.
Based on the acquired DEP spectra, the viable yeast cell exhibited negative DEP 
response at frequencies less than 30 kHz, and positive DEP beyond 30 kHz when 
suspended in conductivity medium of 5mS/m; which is in agreement with published 
data. For the non-viable yeast, the cells exhibited negative DEP for the whole range o f 
frequeney, with a particularly strong negative DEP force between 20 kHz and 500 kHz.
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This spectrum, however, is not similar to any published data although similar method o f 
killing the cells has been used. No cross-over frequency is found from the DEP spectrum 
response. The dielectric parameters o f the viable and non-viable yeast are extracted from 
the experimental data and tabulated in Table 3.5.
Table 3.5: A summary o f viable and non-viable yeast parameters in comparison with published
data.
Parameter Viable
Viable [58, 
71] Non-viable
Non-viable 
[58, 71]
Cell radius (pm) 4 4 3.5 3.5
Cytoplasmic conductivity (S/m) 0.2 0.2 9.60E-04 7.00E-03
Cytoplasmic relative permittivity 50 50 55 50
Membrane thickness (nm) 8 8 8 8
Membrane conductivity (S/m) 5.00E-06 2.50E-07 4.00E-03 1.60E-04
Membrane relative permittivity 6 6 4 6
Cell wall thickness (pm) 0.22 0.22 0.25 0.25
Cell wall conductivity (S/m) 1.40E-02 1.40E-02 l.OOE-04 1.50E-03
Cell wall relative permittivity 60 60 60 60
Medium conductivity (S/m) 5.00E-03 3.00E-03 5.00E-03 3.00E-03
Medium permittivity 78 78 78 78
The results for the viable yeast show that the dielectric parameters extracted from 
the spectrum were similar to the published data except for the membrane conductivity. 
However, for the non-viable yeast, there were huge differences in many parameters 
particularly in the conductivity o f the cytoplasmic, membrane and cell wall. In addition, 
the non-viable yeast produced negative DEP response over the whole range o f  the 
frequency. The result obtained was different from the spectrum reported previously 
where the cells exhibited positive DEP at the early frequency range [58, 71]. The 
discrepancy in this result was potentially due to the differences in yeast strain and the 
growth conditions used in the experiments.
The comparison o f DEP spectra is often made to perform the separation between
two populations o f cells based on their characteristic dielectric properties. It is typically
done by looking for a specific frequency at which there is a difference in fcm  polarity
that resulted in negative DEP to one population and positive DEP to the other
population. In the case o f separating viable and non-viable yeast, based on the viable
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yeast DEP spectrum response, the cell has a high positive fcm  value between 500 kHz 
and 5 MHz. Therefore, any frequency between this range can be applied to produce a 
strong positive DEP force to trap the cells. However, for the non-viable yeast, the cell 
produced negative DEP force at all frequencies. Therefore, in order to separate a mixture 
o f viable and non-viable yeast with good trapping efficiency in this study, 1 MHz is the 
chosen frequency to be employed. This frequency value also has been demonstrated 
previously by Suehiro et. al. [72] to successfully separate and eliminate viable yeast 
from the cells mixture.
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Chapter 4 Experimental Results
4.1 Introduction
In this chapter, the performance o f the DEP-well electrode to separate two 
populations o f  cells namely viable and non-viable yeast cells was evaluated. Initially, an 
experiment was carried out using single well to determine the trapping efficiency o f 
viable yeast cells under the influence o f  positive DEP force over varies o f times. Then, a 
design with multiple wells arranged in parallel was proposed to separate a large volume 
o f sample and produce high trapping efficiency and throughput. An economical 
separation device was constructed and modified in order to be effectively utilised the 
multi-well electrodes. Here, the experiments were conducted under the influence o f DEP 
and hydrodynamic forces which, varies o f  flow rates were applied to drive the cells 
through the device. However, the arrangement o f the multi-well electrodes has been 
limited to 16 wells which prevents in achieving the high trapping efficiency. Due to that, 
the multi-well was arranged in series to show that the reasonable high trapping 
efficiency can still be obtained using the limited number o f well.
4.2 Single Well Results
The outcomes o f the experiment to separate the viable and non-viable yeast cells 
using the single well were shown in Table 4.1
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Table 4.1: The average percentage of the initial cell mixture and the outcomes o f the cell mixture 
withdrawn from first and second wells compared to the initial cell mixture.
Initial cell mixture filled 
into two wells
The cell mixture 
withdrawn from second 
well compared to the initial 
cell mixture
The cell mixture withdrawn from first well 
after applying with 20Vpp at 1 MHz for tx min 
compared to the initial cell mixture
Viable 
cells (%)
Non-viable 
cells (%)
Viable cells 
(%)
Non-viable 
cells (%)
Viable 
cells (%)
Non-viable 
cells (%)
Field Exposure 
time, tx (min)
49 ± 1 51 ±  1 46 ± 1 46 ± 2 33 ± 3 46 ± 3 I
50 ± 2 50 ± 2 45 ± 2 45 ± 1 21 ± 2 45dz 1 2
50 ± 1 50 ± 1 45 ± 1 45 ± 2 12±  1 45 ± 2 3
50 ± 1 50 ± 1 44 ± 1 46 ± 1 7 ±  1 46 ± 1 4
50 ± 1 50 ± 1 46 ± 1 44 ± 2 5 ± 2 4 6 ± 2 5
The percentages o f the initial cell mixture and the collected cell mixture from the 
second well (controlled experiment) for all the experiments conducted were averaged as 
the conditions were similar. The averaged percentages were then shown in Figure 4.1 
together with the cell mixture withdrawn after the field exposure time.
Average percentage of the initial 
mixture of cells filled in the well
Average percentage of the un-trapped cells 
withdrawn after applying the electric field
100
90
SO
■ non-viable cell
70
■ viable cell
60
50
40
30
SO
20
10
0
Applying 20Vpp at 1MHz frequency 
for tx minutes
100
90
■  non-viable cell
SO
70 45
I 60 4650 
40
46
45
30
4520
2110 12
Field exposure 
time, tx (min)
Figure 4.1: The average percentage of the viable and non-viahle yeast cells: initial cell mixture filled  
into the wells (left), cell mixture cells withdrawn from the wells between 0 and 5 minutes o f the
electric field exposure time (right)
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As shown in Figure 4.1, 100% was referred as the initial mixture o f cells when 
each time the cells were prepared and loaded into the wells (left figure). An average of 
50 ± 1% of the viable and non-viable cells was obtained from the initial cells o f all the 
experiments conducted. As can be seen in Figure 4.1 (right), an average o f 90 ± 2% out 
o f the initial cells was collected when no electric field was applied (zero field exposure 
time). Based on this control percentage, both viable and non-viable cells were collected 
with a similar average percentage o f 45 ± 2%. The remaining 10% indicates the cells left 
in the residual volume which unreachable by the syringe tubing tip.
The percentage o f the cell mixture collected after applying the electric field 
shows a continuing decrement over the increasing o f the field exposure time. This 
decrement was due to increase o f the trapping percentage o f the viable yeast cells. 
Besides that, the percentage o f the non-viable cells was found almost constant (45-46%) 
over the field exposure time and similar to the controlled experiment which indicates the 
reliability o f the experiments conducted. In terms o f purity o f the non-viable cells, the 
percentage was calculated by dividing the number o f non-viable cells collected with a 
total number o f the untrapped cells withdrawn from the well. This purity percentage was 
presented in Figure 4.2 together with the trapping percentage o f the viable yeast cells.
100.0 □ viable yeast 
■ non-viable yeast90.0
80.0
^  70.0
60.0
90!S.450.0
40.0
30.0 58 J-
20.0
10.0
31 2 4 5
Field exposure time, tx (min)
Figure 4.2: The percentage of trapping of viable yeast and purity of non-viable yeast after exposed 
to the electric field for 1 ,2 ,3 ,  4 and 5 minutes
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The viable cell trapping percentage was determined based on the different 
number o f viable cells in the collected cells after applying the electric field and the 
initial mixture o f cells loaded into the well. Based on Figure 4.2, the viable cell trapping 
percentages o f 33.8 ± 5.4%, 57.9 ± 3.4%, 75.3 ± 2.8%, 86.6 ± 2.2%, and 89.8 ± 4.4% 
were obtained when the initial cells were applied with the electric field for 1, 2, 3, 4, and 
5 minutes accordingly. It shows that when the field exposure time was increased, high 
trapping efficiency o f viable cells was achieved. This means in order to trap more cells 
and increase the cell trapping efficiency, the period which cells were influenced under 
the positive DEP force needs to be lengthened. Longer time will let the cells that were 
suspended away fi*om the electrodes to move towards the strongest region o f the electric 
field and get trapped.
The purity o f the non-viable yeast cells was increased over the field exposure 
time, starting fi*om 50 ± 1% (initial cell mixture) and reached 90.2 ± 3.5% after 5 
minutes. The maximum five minutes field exposure time was believed sufficient to 
evaluate the performance o f the single well in trapping and purifying the respective 
cells. It was based on a small difference (-3% ) o f the trapping and purity percentage 
achieved between 4 and 5 minutes o f the field exposure time.
Refer to the trapping percentage o f the viable cell obtained, it was concerned that 
the determination o f the trapping percentage was inaccurate as the uncollected viable 
cells were not taken into the calculation and they were assumed trapped. Based on the 
controlled experiment result, 5% o f the viable cells were unable to be collected when no 
electric field was applied. This percentage was expected to be less when the electric field 
was applied and therefore reduce the inaccuracy.
In this experiment, the correlation between the cell trapping percentage and field
exposure time could give an idea in achieving high efficiency o f  cell trapping when cells
were driven by a pump. By referring the field exposure time as an average residence
time o f cell, one could estimate the trapping percentage that could be achieved by the
single well. For example, 90% of the viable cell trapping efficiency was achieved when
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the cells were exposed to the electric field for 5 minutes. This 5 minute could be referred 
as the average residence time and required for the cells to pass through the well in the 
interest o f achieving such percentage. In order to drive the cells according to the 
residence time, a specific flow rate needs to be introduced. The volumetric flow rate (Q) 
was determined using the following equation:
o - ^ (4.1)
where A is the cross-sectional area o f well, H is the thickness o f  well and E is the 
average o f  residence time o f cells passing through the well. Based on Equation 4.1, the 
flow rate o f O.lpl/min was calculated to drive cells through the single well (dimension: 
H= 1.455mm, A= 0.385mm^) for 5 minutes in order to obtain 90% o f cell trapping 
efficiency.
In practice, a micro syringe pump is needed to introduce a mixture o f cells 
through a well at slow flow rate e.g. O.lpEmin. Additionally, a micro-channel device has 
to be fabricated and sealed to the well to direct the cells flow through the device and 
well. With the microchannel device, the cells could be prevented from sediment. Those 
requirements urge to a fabrication o f complex separation device with a support o f hi-tech 
facilities. However, to allow separation o f cells can be done even with a simple and 
economical device as well as obtain high cell trapping efficiency, multiple numbers o f  
single well electrodes were proposed. By using multi-well electrodes, the total o f  cross- 
sectional area o f well will be increased which resulting in increased o f the residence 
time and cell trapping percentage.
Although the single well was demonstrated could separate the mixture o f viable 
and non-viable yeast cells with high percentage o f trapping the viable cells and high 
purity o f the non-viable cells, but there were some drawbacks using the developed 
system. The system was incapable to recover the trapped cells as the electric field that 
remained applied to hold the cells during the process o f withdrawing the untrapped cells
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subsequently killed the cells. Moreover, the separation o f the mixture o f cells which 
performed in the single well could only accommodate 0.5pl o f the cells. This small 
volume o f sample was resulted in producing a low-throughput cell separation. In order 
to overcome those problems, a new separation system was developed by implementing a 
continuous flow separation method and the multi-well electrodes. The development o f 
the system as well as the use o f multi-well electrodes will be discussed further in the 
next chapter (Chapter 4.3).
4.3 Multi-well
The multi-well or multiple numbers o f the single well electrodes were proposed 
to separate a large volume o f cells and allow for a high-throughput separation. The 
separation process was carried out in a simple device constructed by having an inlet and 
outlet. A fluid flow was generated by a syringe pump to continuously deliver the cells 
from the inlet through the wells and then out o f the outlet device. Varies o f flow rates 
were applied in order to produce a comparable results for an evaluation o f the efficiency 
o f the wells in trapping the cells. An optimum trapping efficiency could be obtained if  
the device itself was not creates problem o f  cell loss during the separation process. 
Therefore, the device was modified in order to be effectively utilised the multi-well 
electrodes. Two different patterns o f wells namely DEP-well M-16 and DEP-well M-20 
were used and respectively arranged in parallel and series. Details o f  the carried work 
for parallel and series arrangements are explained in Chapter 4.3.1 and 4.3.2 
accordingly. All the experiments conducted with the different setups were repeated at 
least three times unless mentioned otherwise.
4.3.1 Parallel arrangement
The parallel arrangement o f the multi-well electrodes was intended to reduce an 
average velocity o f cells by a factor where the number o f  wells is used. According to 
principle o f flow continuity which will be explained details in Chapter 5.6, the average 
velocity is proportionate to the applied volumetric flow rate and inversely proportionate 
to the total cross-sectional area o f the wells. I f  the cell suspension is required to be
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pumped at flow rate o f O.lpl/min through one well in order to obtain 90% o f cell 
trapping efficiency (based on the single well result), it is expected that using 100 
numbers o f wells arranged in parallel able to reduce the flow rate to O.OOlpl/min. This 
will result in obtaining better trapping efficiency or pumping at faster flow rate 
(lOpl/min) to achieve the similar efficiency. By increasing the flow rate, the large 
volume o f cells can be rapidly separated and enable high-throughput separation. 
However, in this experiment, an existing 16 number o f wells electrodes were used. This 
limits the fastest flow rate to 1.6pl/min in obtaining 90% o f the cell trapping efficiency. 
Due to consideration o f cell sedimentation problem, a minimum flow rate o f 5pl/min or 
0.31pl/min through each well was applied and the efficiency o f cell trapping that can be 
achieved was determined along the development o f separation system and device.
4.3.1.1 First Separation Setup
The arrangement o f first separation setup was shown in Figure 4.3. The switching 
valve was used to withdraw SOOpl o f cell suspension contained in the loop into the 
separation device without creating bubbles. Initially, the switching valve mentioned in 
Chapter 3.3.1.2 was switched to ‘Load’ position in order to fill up the device and the 
sample loop with the separation medium and the yeast cells respectively. When the 
switch was changed to ‘Inject’ position, a syringe pump was used to flush the cells and 
the separation medium continuously passing through the separation device. A sample 
collector was used to collect lOOpl in each fraction o f the outcome o f  the separation 
device. The number o f cells collected in each fraction was counted using the 
haemocytometer to determine the cell concentration.
Oscilloscope
Switching
Valve
Separation
Device
Microscope
Signal
Generator Computer
Syringe pump SampleCollector
Hemocytometer
Figure 4.3: The block diagram of the first separation setup
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The first separation device (Figure 4.4) was simply design using two Perspex with 
the dimensions o f 30mm x 40mm x 3mm each. Both Perspex were drilled to fit with 
1.6mm outer diameter of PTFE (PolyTetraFluoroEthylene) tubing to make an inlet and 
outlet. DEP-well M-16 electrode consists o f 16 wells was used and placed in between 
those two Perspex. The wells were sealed with two gaskets (upper and bottom) using 
two clips as shown in Figure 4.4. As can be seen, all the wells covering a radius o f 3 mm 
were accommodated in a circular pattern o f the gasket. The inlet and outlet was 
positioned at the centre o f the wells array before the clips were placed on.
DEP-well
M-16
Side view: Schematic diagram
Perspex Flow channel i^iet
Outlet
DEP-well M-16
Outlet
Voltage
connection
Gasket
Real Design
Inlet
Perspex
Gasket
20 mm
Figure 4.4: The first separation device used in the first separation setup: side view schematic
diagram (top), real design (bottom).
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For the first separation device, the volumetric capacity in each parts such as wells, 
upper and bottom flow channel, outlet and inlet tubing was calculated and presented in 
Table 4.2.
Table 4.2: The volum etric capacity in the first separation device
Part Parameter Dimension (mm) Volume (mm^)
DEP-well M-16 Diameter 0.700 16 X T i x  (0.35)^x 
1.455 = 8.96Thickness 1.455
No of wells 16
Thickness 0.5
Inlet tubing + 
Connection tubing
Inner diameter 1.0 71 x (0.5)^x (30.0 + 
40.0) = 55Total length (Inlet 
+ Connection)
30.0 + 40.0
Bottom + Upper flow 
channel
Diameter 7.0 2 X T T X  (3.5)^x 0.5 = 
3&5Thickness 0.5
Outlet tubing Inner diameter 1.0 7E X  (0.5)^X  35 = 27.5
Length 35.0
To start the experiment, a total o f 129.96 mm^ o f separation medium with 
conductivity o f  5mS/m was required to be filled into the separation device including 40 
mm tubing that been used to connect the sample loop and the device. Then, SOOpl o f 
yeast with concentration o f 4 x 10  ^ cells/mL (± 10%) was loaded in the loop. The cells 
were introduced into the separation device at three different flow rates which were 
lOpFmin, 20pFmin and SOpFmin. To trap the cells, a voltage o f 20Vpp at frequency o f  1 
MHz was applied throughout the experiment. A control condition was conducted by 
repeating the experiment without applying the electric field.
The percentage o f cell trapping was determined based on a difference between a 
ratio o f cells collected with and without the presence o f  the eleetrie field. The ratio was 
calculated by dividing the concentration in each o f fraction with the cell concentration o f
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the initial sample. The results obtained from the experiments were summarised in Figure 
4.5.
Ratio of cells collected without applying electric fields
c  °  2 5 .0 0
• lO u l/m ln
■ 20u l/m in
■ 30u l/m in
Each fraction (O.lml)
Separation Device using 
DEP-well M-16 Cells
• lO u l/m ln
■ 20u l/m in
■ 30u l/m in
Ratio of cells collected with presence of electric fields
t  S '  20.00 
% E 1 8 .0 0  
“  “  1 6 .0 0
SlO u l/m in
• 2 0 u l/m in
• 3 0 u l/m ln
Each fraction (0.1ml)
Figure 4.5: Summary of the first separation setup and device performances
By referring to the cell collection profiles in the Figure 4.5, cells were only 
existed after the first fraction o f lOOpl. This volume was corresponded to the total o f 
separation medium contained in the device and tubings including the tubing connection 
between the inlet and the sample loop. Then, can be seen that the cells contained in the 
loop were present in the subsequent 500pl collection. There was still quite number o f 
remaining cells collected after that, particularly when pumped at SOpFmin.
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Without the presence o f electric field, it was expected that number o f cells 
collected at the outlet almost equal with the cells pumped in. However, not more than 
20% o f cells were able to be pushed through the separation device even with the flow 
rate o f SOpFmin. Only 0.4% o f sample managed to be flushed through at the flow rate o f 
lOpFmin. The rest o f the cells were still remained in the loop, tubing and separation 
channel caused by the sedimentation effects. Based on the percentage o f cell trapping 
graph, high percentage o f trapping was achieved when pumped at lOpFmin. However, 
the percentage was inaccurate and unreliable due to the small number o f  cells 
successfully passed through the device. A higher statistical error occurs when the cells 
collected after applying the electric field was compared with a few cells (< 0.4% o f 4 x 
10  ^ cells/mL). This also applies to the second half o f  the cell collection when the cells 
were introduced at 20pFmin. It was found that, with the present o f electric field, about 
19.9 ± 3.2% out o f 4% o f the total number o f cells in the 500pl sample and 10.3 ± 2.2% 
out o f 20% o f the total number o f cells in the 500pl sample were able to be trapped 
when the cells were pumped at 20pFmin and 30pFmin respectively.
The use o f the switching valve and the sample loop has facilitated the insertion o f 
the 500pi o f the yeast cells into the separation device with a low probability o f the 
formation o f bubbles. However, due to the long coil loop sample and the horizontal 
position o f the separation device, cells tend to settle down. As a result, more than 80% o f 
cells were unable to be pumped out from the sample loop, tubings and the separation 
device even with the flow rate o f 30pFmin.
4.3.1.2 Second Separation Setup
After discovered that the sample loop, the long connection and the inlet tubings 
causing the major problem o f cell sedimentation, next separation setup was simplified by 
eliminating the switching valve. The separation device was constructed using the similar 
DEP-well electrode. The inlet and outlet was positioned at the edge o f the circular upper 
and bottom gasket as shown in Figure 4.6. This could reduce the formation o f bubbles 
when filling the sample into the device.
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Wells/HolesDEP-well M-16
Flow channelPerspex Inlet
DEP-well
M-16\
Outlet
Inlet
Gasket
GasketPerspexOutlet
Side view  Plan view
Figure 4.6: Schematic diagram of the second separation device used in the second separation setup
Yeast cells with concentration o f 4.8 x 10  ^ cclls/mL (± 9%) were prepared and 
suspended in 5mS/m separation medium. The cell sample was loaded into 1ml syringe 
size and introduced slowly into the device to avoid the formation o f bubbles. The device 
was then positioned vertically to reduce sedimentation o f the cells caused by the 
gravitational force. The outcome o f the separation device was collected using the sample 
collector that contained 12 Eppendorf tubes. Each tube was set to contain 30pl o f the 
sample. The concentration of cell collected in each tube was counted and divided with 
the initial concentration to produce a ratio.
The experiment was conducted in two different setups. The first setup was 
intended to produce a control profile that can be used as a reference line in estimating 
the percentage o f cell trapping and recovery. The cell suspension was pumped at 
5pl/min without applying the electric field throughout the experiment. For the second 
field setup, cell suspension was injected at the similar flow rate with no present o f the 
electric field for the first two fractions period and followed by applying 20Vpp at IMHz 
to trap the cells and then lOVpp at 10 kHz to release the cells. These fields setup and the 
determination o f the cell trapping and recovery efficiency have been elaborated more 
detail in Chapter 3.3.5. With the similar fields setup, the flow rate was increased to 
lOpl/min. All the experiments were repeated three times. The result o f cell trapping and 
recovery was shown in Figure 4.7.
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Figure 4.7: The profiles of control (no electric field applied), trapping and recovery of yeast cells 
using second design setup when pumped at 5pl/min and lOpl/min
Based on control profile result, it was found that the concentration o f cells when 
pumped at Spl/min was decreased gradually after second fraction o f  collection. 
Approximately 82.1 ± 2.9% out o f the total number o f cells in 360pl (12 x 30pl in each 
fraction) was able to be flushed out. By doubling the flow rate, about 98% o f the total 
cells were able to be pushed through the separation device and collected at the outlet. 
Although the percentage o f cell collection throughout the experiment has shown a huge 
improvement compared to the first separation setup, but there was still the occurrence o f 
the cell sedimentation which result in loss o f cells particularly when pumping at 5pl/min. 
Based on the observation, the cells were more likely to settle down and left in the dead 
volume between the inlet tubing and syringe tip connection and also at the bottom part 
o f the device.
Meanwhile, by looking at the trapping and recovery profile, there was 30pl or 
one fraction shifts after the second and seventh fraction when field was switched to 
20Vpp at IMHz (produce positive DEP) and then to lOVpp at lOkHz (produce negative
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DEP). This shift was due to the residual volume contained in the outlet tubing. 
Therefore, to determine the cell trapping and recovery percentage, the fraction number 
used in the Equation 3.5 and 3.6, needs to be increased by one. Within five fi*actions 
period between the fi’action fourth and eighth, around 56.4 ± 3.2% out o f 87.2 ± 1.5% 
(calculated with refer to the control profile o f  5pEmin) o f  the total cells in 150pl was 
trapped when pumping at the flow rate o f 5pl/min. From this trapping percentage, 62.1 ± 
3.5% was able to be released and collected. The percentage o f cells that remained in the 
device was calculated using the Equation 3.7. Based on the total number o f cells 
introduced in the device at 5pFmin, about 26.1 ± 4.2% was unable to be collected and 
remained in the tubing and device.
When cells were pumped at flow rate o f lOpFmin, it was found that the trapping 
percentage was reduced to 41.4 ± 2.5% out o f the total cells in 150pl (calculated with 
refer to the control profile o f  lOpFmin as almost all cells were able to be collected 
within the trapping period). However, based on this trapping percentage, the efficiency 
o f cell recovery was increased to 86.0 ± 2.7%. Out o f the total cells introduced in the 
device, only 4.3 ± 1.8% was unable to be pushed and collected.
4.3.1.3 Third Separation Setup
The next setup was proposed to improve the efficiency o f cell trapping compared 
to the previous design and to reduce the cell sedimentation problem. The separation 
device was modified to be integrated with the syringe pump. The inlet tubing was 
removed and the separation device was attached directly to the syringe without any 
connection o f tubing in between. As the outcomes o f the previous design, cells came out 
jfrom the inlet tubing were more likely flowing through the nearby wells thus reducing 
the optimum trapping that can be produced if the cells spread equally in each o f the 
wells. Therefore, this design arrangement was intended to produce an equal distribution 
o f cells through the wells so that more cells could be trapped.
The separation device was constructed using the similar electrode, gaskets, clips 
and tubing as mentioned in Chapter 4.3.1.1. Two Perspex (upper and bottom part) with
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dimensions o f 30mm x 30mm x 3mm were drilled on its middle in order to fit the 
syringe o f size 6mm outer diameter and the outlet tubing o f size 1.6mm outer diameter. 
The following 1ml syringe barrel was cut and glued on the upper part o f the separation 
device while the tubing was glued at the bottom part. Figure 4.8 shows the structure of 
the separation device that has been constructed to be used in the next experiment.
I j Syringe
Plunger -
% Assemb e
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Dissemble
■Volfag
connector
20 mm
Figure 4.8: The second separation device before and after assembled
By keeping the similar length o f the outlet tubing (35 mm), a volume o f 27.5 mm" 
was calculated could be contained in it. The collection o f the outcome o f the separation 
device in each fraction was set to 30pl. The experiment was conducted using the yeast 
concentration o f 4.5 x 10  ^ cells/mL (± 10%) suspended in the conductivity medium o f 
5mS/m. The sample prepared in the Eppendorf tube was loaded into the device by 
pulling the plunger careflilly to avoid the formation o f bubbles. Then, the device was 
placed into the syringe pump and positioned vertically as it could overcome the cell 
sedimentation problem in the syringe and outlet tubing. The arrangement of the third 
separation system was shown in Figure 4.9.
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Figure 4.9: Third separation setup for determining the efifiiciency of the second separation device.
The experiment procedures to determine the efficiency o f cell trapping and 
recovery were also similar to the second separation setup but this time the sample was 
pumped at three different flow rates (5pl/min, lOpl/min and 20pl/min). The outcomes o f 
the third separation setup were shown in Figure 4.10.
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Figure 4.10: Average ratio o f yeast cell collected using the third separation setup
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It was demonstrated that approximately 88.4 ± 3.5% o f the total cells in 360pl 
(12 X 30pl in each fraction) was pushed out through the separation device at the flow 
rate o f 5pl/min when no electric field applied. This percentage was 6% higher than the 
result o f the second separation setup which indicates the effect o f cell sedimentation has 
been slightly reduced. Almost 99% o f cells were collected when the flow rate was 
increased to lOpl/min. Therefore, no need for the controlled experiment at flow rate o f 
20pl/min as it can be assumed that all cells pumped in were able to be pushed and 
collected at the outlet.
Within the trapping period between the fraction 4 and 8, about 56.7 ± 6.2%, 47.0 
± 4.6%, and 24.5 ± 3.9% out o f 95.3% o f cells were able to be trapped by the well 
electrodes when pumped at 5pl/min, lOpl/min and 20pl/min respectively. From those 
percentages o f trapping, 59.1 ± 6.1%, 82.7 ± 4.8% and 92.3 ± 4.1% were released and 
collected using the flow rate o f 5pFmm, lOpl/min and 20pFmin respectively. By 
comparing the total number o f cells collected in 12 tubes with the total number o f  the 
initial cells (in 360pi), the percentage o f cell loss was calculated around 21.4 ± 5.9%, 5.5 
± 4.3% and 2.7 ± 1.7% when pumped with the flow rate o f 5pFmin, lOpFmin and 
20pFmin respectively.
By looking at the results obtained, a slight improvement in enhancing the cell 
trapping efficiency using this device has been achieved. Although the percentage was 
slightly higher than the first separation device, the tolerance margin o f that trapping 
obtained was considerably high. This was due to the matter o f device arrangement where 
creates uncertainty condition inside the device, for example some wells were unable to 
perform when bubbles were produced during the insertion process o f  the cells into the 
device, therefore result in the decrease o f the trapping efficiency. On the other hand, the 
efficiency o f cell recovery was shown a small decrement due to the flat structure o f the 
bottom part o f the device which hindered the trapped cells to be pushed out particularly 
the cells that away from the outlet.
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4.3.2 Series arrangement
At low flow rate o f 5|il/min, the 16 wells electrodes arranged in parallel were only 
capable to trap yeast cells as much as average 56.7%. As mentioned previously, the cell 
trapping can be increased by lengthening the residence time o f cell in passing through 
the well. Instead o f using the 16 wells, a long well could be used as an alternative 
method to increase the residence time. However, the construction o f the long well was 
not practical as it would increase the resistive and capacitive effects which result in 
lowering the cut-ol-frequency o f the well. Therefore, to enhance the cell trapping 
efficiency without the need to construct long well channel, 20 similar wells contained in 
the DEP-well chip (DEP-well M-20) were used to produce a series o f long channel.
To produce a long channel using the 20 wells electrodes, a pair of gasket was 
fabricated and patterned with the mask ‘2’ as described in Chapter 3.3.4.3. The gasket 
consists o f an oblong shape which can fit two wells and works as a flow channel. These 
flow channels were placed on both sides o f DEP-well M-20 and aligned properly to fit 
the wells before being sandwiched with two Perspex, to produce a series o f  long 
separation channel as shown in Figure 4.11.
DEP-well M-20
Gasket
Outlet
Inlet
Flow channel
Perspex
Figure 4.11: A series of long separation channel produced using the gasket patterned with the mask
‘2 ’ as described in Chapter 3.2.4.3
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Although there were 20 wells, only 19 o f them can be used to trap the cells. This 
was due to the arrangement o f the inlet, outlet and gaskets, which only allows cells to 
flow through an odd number o f wells or 19 wells when they were assembled together 
with DEP-well M-20. Figure 4.12 shows the device used to perform the separation o f 
cells with the new arrangement in producing long separation channel through 19 wells.
20 mm
Gasket/fiow Assemble
chanr>el
-
Clips
Dissemble Outlet
 ^■ Bottomvoltage ' • part
20 mmDEP-well M-20
Figure 4.12: The arrangement of the separation device to produce long separation channel
The volume capacity that could be contained in each part of the separation device 
excluding the inlet tubing was calculated and shown in Table 4.3.
Table 4.3: The volumetric capacity in the new arrangement o f the separation device
P art P aram eter D im ension  (m m ) T otal vo lum e (m m ^)
D E P -w ell M -20 D iam eter 0.7 19 X 7T X (0.35)^X 
1.455 =  10.64T hickness 1.455
N o o f  w ells used 19
U pper flow  channel O blong  A rea 71 X (0.5)^ +  2 X 1 (mm^) 9 X 0.5 X [(71X (0.5)^) 
+ (2 X 1)] +  (7t X 
(0.5)") X 0.5 = 12.92
T hickness 0.5
N o o f  channels 9 (ob long  shape) +  1 
(c ircu la r shape)
B ottom  flow  channel O blong  A rea 71X (0 .5 )"+  2 X 1 (mm^) 10 X 0.5 X [(71X (0.5)") 
+ (2 X 1 )]=  13.92T hickness 0.5
N o o f  channels 10 (ob long  shape)
O utlet tub ing D iam eter 1.0 7[x(0.5)"x 50 = 39.27
Length 50.0
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By knowing the volume capacity that could be contained in the outlet tubing, 
wells, upper and bottom flow channels, one could decide the amount o f sample that 
should to be collected in each tube. In addition, it can be helpful in determining the 
correct percentage o f the cell recovery. Taking the example o f this separation device, a 
total o f 76.75 mm^ was calculated could be filled in the separation device excluding the 
inlet tubing. In order to collect the cells that contained in the wells, upper and bottom 
flow channels in the similar tube, the outcome o f the device was sampled for every 40pl. 
This amount o f volume could contain the effect o f cell trapping or recovery produced by 
19 wells. To calculate the percentage o f cell trapping, the Equation 3.5 was used but the 
fraction number need to be changed to 4 and 8 instead o f 3 and 7 as there was one 
fraction shift caused by the residual volume contained in the outlet tubing. In term o f 
recovering the trapped cells, the percentage o f cell recovery was determined using the 
following equation:
12
{Rtr^  - Rtr )^ + ^ ~ )
% cell recovery = ------------g------- ---------------------- x 100 %
'^ (R c ^ -R tT j . )
/=4
where /  is the fraction number, Rc is the ratio o f cell when no electric field was applied 
and Rtr is the ratio o f cell during the trapping and recovery period. The first collection 
(J=S) after the signal was switched to lOVpp at frequency o f 10 kHz, was the number o f 
untrapped cells that contained in the outlet tubing. Meanwhile, the cells collected in the 
fraction number 9 were the mixture o f the untrapped cells and the trapped cells that have 
been released.
The trapping and recovery efficiency o f the device was tested using yeast cells 
with concentration o f 5.2 x 10  ^ cells/mL (± 8%), which suspended in the conductivity 
medium o f  5mS/m. The cells were loaded into a syringe and then were filled slowly into 
the device. The syringe was placed into the syringe pump and positioned vertically with 
the device in order to minimise the problem o f cell sedimentation (Figure 4.13).
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Figure 4.13: The setup for determining the efficiency of the device with long separation channel.
The yeast cells were pumped through the 19 wells without applying an eleetrie 
field to produee a control profile that could be a reference line in determining the 
efficiency o f cell trapping and recovery. To trap the cells, a signal o f 20Vpp at ffequeney 
of 1 MHz was applied. Then, the signal was changed to lOVpp at frequency o f 10 kHz to 
release the trapped cells. Division o f the outcome during the process o f cell trapping and 
recovery into twelve tubes was described in Chapter 3.3.3. The experiment was 
conducted with four different level o f flow rates, namely 5pl/min, lOpl/min, 20 p 1/m in 
and 40pl/min. However, the controlled experiment was only eonducted with flow rate o f 
5pl/min and lOpl/min. The results o f trapping and recovery o f the yeast cells using 19 
wells arranged in series were shown in Figure 4.14.
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Figure 4.14: The average ratio of trapping and recovery of the yeast cells using 19 wells arranged in
series
From Figure 4.14, the profile for the eontrolled experiment when eells were 
pumped in at SuFmin decreased gradually right after the eighth fraction. Based on the 
total number o f the initial cells introduced in the device at the similar flow rate, as many 
as 95.5 ± 2.3% of the total o f 480pl was collected. On the other hand, control profile at 
the flow rate o f lOpFmin shows considerable no cell sedimentation occurred. Therefore, 
the controlled experiment at flow rate o f 20pl/min and 40pFmin is not relevant.
In regard to the trapping and recovery profile o f  5pFmin flow rate, about 75.7 ± 
3.6% out o f the total cells in 200pl (trapping period) was trapped and by this percentage 
only, 14.3 ± 4.3% was obtained during the recovery. In the process o f the recovery, the 
trapped eells were getting clumped resulting the low recovery percentage. Due to that, at 
5pFmin, the flow rate was insufficient to push the clumpy cells out o f the device. By 
referring to the other trapping and recovery profiles namely lOpl/min, 20pl/min and 
40pFmin; 67.0 ± 3.9%, 54.8 ± 2.7%, and 39.3 ± 2.2% of cells were trapped respectively.
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Subsequently, by those percentages; the cell recovery o f 65.7 ± 3.6%, 75.6 ± 3.0%, and 
94.5 ±2.1%  was obtained. By comparing the total number o f cells collected in 12 tubes 
with the total number o f the initial cells (in 480pl), the percentage o f cell loss was 
calculated around 36.8 ± 5.2%, 15.2 ± 3.6%, 10.0 ± 3.0% and 4.3 ± 2.2% when pumped 
at the flow rate o f 5pFmin, lOpFmin, 20pFmin and 40pFmin respectively. The loss was 
contributed by the sedimentation o f  the clumpy cells in the flow channels. Table 4.4 
shows the summary o f the experimental results using the separation device with a series 
o f long separation channel.
Table 4.4: The summary o f the experimental results using the separation device with a series of long
separation channel
DEP-well used DEP-well M-20
Flow rate 5pFmin lOpFmin 5pFmin lOpFmin 20pFmin 40pFmin
Trapping field no field no field
20Vpp at 
IMHz
20Vpp at 
IMHz
20Vpp at 
IMHz
20Vpp at 
IMHz
Recovery field no field no field
lOVpp at 10 
kHz
lOVpp at 10 
kHz
lOVpp at 
10 kHz
lOVpp at 
10 fflz
% trapping NA NA 75.7 ±3.6 67.0 ±3.9 54.8 ±2.7 39.3 ±2.2
% recovery NA NA 14.3 ±4.3 65.7 ± 3.6 75.6 ±3.0 94.5 ±2.1
% cell loss
4.5 ± 
2.3
0.2 ± 
0.1 36.8 ±5.2 15.2 ±3.6 10.0 ±3.0 4.3 ±2.2
The device was demonstrated to increase the efficiency o f the eell trapping 
compared to the previous design that using 16 wells electrodes. Although the electrode 
has three extra wells, a significant percentage difference was obtained. Moreover, the 
average velocity o f the cells flowing through the 19 wells arranged in series was 16 
times faster than the average velocity o f cells when flowing through the 16 wells in 
parallel. In term o f recovery, higher flow rate was required to push the clumpy cells and 
subsequently reduce the percentage o f cell loss.
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4.4 Examination of the effect of different well bores
4.4.1 Introduction
It was demonstrated that by using DEP-well M-20 and arranged in series, higher 
trapping efficiency (approximately 75%) was obtained. However, the efficiency is 
expected could be improved when the diameter o f the well is narrowed or the structure 
o f well is slanted. It was predicted that by narrowing the well diameter, the DEP foree 
acting particularly at the near centre o f well could be increased and with the slanted well 
structure, zero DEP force at the centre o f symmetrical well could be eliminated, thus 
increasing the cell trapping percentage. This will be proved by simulation later in 
Chapter 5. For these reasons, DEP-well C-0 and C-35 were construeted from 9 
interleaved layers o f copper (5 layers) and PET (4 layers) with a thickness o f 40pm and 
120pm for the copper and PET materials respectively. An experiment was conducted to 
observe the strength o f  DEP force across the radius o f straight and slanted wells. Then, a 
comparison o f yeast trapping percentage was made between these wells.
4.4.1.1 DEP force strength between straight and slanted DEP-well
The strength o f DEP force was measured based on light intensity changes across 
three different angles o f  well electrodes namely 0°, 20° and 35°. DEP C-0 and DEP C- 
35 were used for the 0° and 35° angles respectively. However, for the well with 20° 
angle, a new DEP-well was constructed using similar material and technique mentioned 
in Chapter 3.3.4.1. For each o f well, yeast suspension at concentration o f 5.5 x 10  ^
cells/mL (± 10%) was filled in the well with a syringe and covered by a thin glass slide 
to avoid light distortions. The well was then energized with 20V peak to peak at IMHz 
for about 100 seconds. An image o f the well was captured for every second by a camera 
(WV-BL200, Panasonic) and then processed using Matlab program to produce the 
changes o f light intensity over time. A standard DIN microscope objective lens with 
magnification o f lOx was attached to the camera using c-mount extension tube to 
provide the necessary length for focusing. For the angled well electrode, the well needs 
to be positioned and focused eorrectly to have a better round image as shown in Figure 
4.15. The camera knob (labeled as ‘C ’) can be turned to any value o f angle (0) and
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moved up and down to focus the well. The light source holder (labeled as ‘A ’) also can 
be rotated to align the microscope light source with the camera. The well holder (labeled 
as ‘B ’) has the control knob to fine-tune the position o f well horizontally along X and Y 
axis.
,C-mount
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C-mount
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Objective
iens"^
Computer
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m  Microscope light 
C Camera knob
Dielectrophoretic well 
Light source holder 
Well holder
source
Generator L-O
Oscilloscope
Q O
Figure 4.15: The setup to observe the DEP force strength for different angle o f well
In order to analyse the DEP response for slanted well, the change in light 
intensity along the radius in the well was monitored over time. The radius was divided 
into ten segments as shown in Figure 4.16. Under positive DEP, eells were collected at 
the electrode edge, causing the eell concentration at the centre o f the well to decrease. 
This was reflected in a higher light intensity at the centre o f the well and a reduced 
intensity at the edge. A stronger DEP response makes a large change in light intensity 
along the regions.
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Well Diameter
Figure 4.16: The segmentation of the DEP-well electrode; A) 0° well, B) 20° well and C) 35° well
Figure 4.17 shows the activity o f yeast cells in three different angles o f well 
electrodes namely 0°, 20° and 35° with and without electric field applied. Each data was 
analysed based on five repeated experiments. The x-axis represents the radius o f the 
well, where number 1 indicates the centre o f the well and 10 refers to the edge, and the 
y-axis represents the light intensity.
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Figure 4.17: The changes of light intensity in the slanted w ell with angle of 0°, 20° and 35° over 100
seconds
Without applying the electric field, no change in light intensity was detected 
except for the 35° well angled. There was slightly increased at the centre o f the well due 
to the sedimentation o f the cells. When the electric field was applied, it was found that 
cells at the centre o f 0° well were not influenced by the DEP force as no significant 
change in light intensity. This indicate that the cells at the centre were unable to be 
pulled towards the edge of well. However, by tilting the well, huge changes in light 
intensity was observed at the centre o f well especially for the 35° well. It shows that 
huge numbers o f cells were attracted by the DEP force towards the well edge.
On the other hand, the change o f light intensity at the edge o f 0° well electrode 
was greater than the slanted well. This shows that the DEP force produced at the edge o f 
the slanted well is weaker compared to the straight well. The force is proportional to the 
strength o f electric field but the magnitude o f electric field is inversely proportional to 
the length between electrodes. Wlien well was drilled with angle, the electrode and
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insulator thickness became wider therefore reducing the strength o f  electric field and 
DEP force. The band 10 data can be ignored due to the irregular shape o f  well edge as 
illustrated in Figure 4.16. Based on the results, the cells trapping percentage could be 
increased if the well structure is slanted.
4.4.1.2 Cell trapping comparison between straight and slanted DEP-well
Yeast cell at concentration o f 6.2 x 10  ^cells/mL (± 10%) was used in comparing 
the trapping performance between straight (DEP-well C-0) and slanted (DEP-well C-35) 
well. The well electrode was placed in the latest separation device described in Chapter 
4.3.2. A signal o f 20Vpp at IMHz was applied to the well to trap the cells. The cells 
were trapped at two different flow rates namely 5pFmin, lOpl/min and 20pl/min. To 
recover the trapped cells, negative DEP was generated by applying lOVpp at the 
frequency o f 10 kHz and driven at 20pl/min. A control experiment was conducted at 
flow rate o f 5pl/min and then 20pFmin without applying the electric field throughout the 
experiment. All the experiments were repeated three times except for the control 
experiment. The profile o f yeast trapping and recovery using DEP-well C-0 and C-35 
are shown in Figure 4.18. Based on the profile, the percentage o f trapping, recovery and 
cell loss are calculated and tabulated in Table 4.5.
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Figure 4.18: The profile of yeast trapping and recovery using DEP-well C-0 and C-35
Table 4.5 : The performance comparison between the separation device utilising DEP-well C-0 and
DEP-well C-35
Experiment Control DEP-well C-0 (0° well) DEP-well C-35 (35° well)
Trapping field no field
20Vpp at 
IMHz
20Vpp at 
IMHz
20Vpp at 
IM Hz
20Vpp at 
IM Hz
20Vpp at 
IMHz
20Vpp at 
IM Hz
Trapping flow 
rate 5pl/min 5pl/min
lOpl/min 20pl/min 5pl/min 1 Opl/min 20pl/min
Recovery field no field lOVpp at 10 kHz
lOVpp at 
10 kHz
lOVpp at 
10 kHz
lOVpp at 
10 kHz
lOVpp at 
10 kHz
lOVpp at 
10 kHz
Recovery flow 
rate
20pl/min 20pl/min 20pl/min 20pl/min 20pl/min 20pl/min 20pl/min
% trapping 0 80.5±2.1 64.6±2.2 53.3±2.7 83.2±E9 67.0±2.1 54.5±2.5
% recovery 0 93.5±2.3 94.5±2.0 94.6±2.4 94.4±2.2 95.1±1.8 95.6±E5
% cell loss 0.6 10.1 ±2.2 7. 9±2.6 6.7±2.8 8.4±2.3 6.9±2.5 6.9±2.4
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The control experiment was conducted to assess the ability o f the separation 
device in permitting the cells through it. It was found that only 0.6% o f cells were 
remained in the device. Later, the profile o f the control experiment was used as a 
reference line in determining the percentage o f trapping and recovery that obtained by 
DEP-well C-0 and C-35 when electric field is applied. Approximately, 80.5% o f the 
yeast cells were able to be trapped at flow rate 5pl/min using DEP-well C-0. The 
percentage was increased about 2.7% when 35° well was used. Similarly, when cells 
were pumped at 1 Opl/min and 20pl/min, the use o f DEP-well C-35 to trap the cells 
produced 2.4% and 1.2% greater than DEP-well C-0 respectively. These results proved 
that by tilting the well structure, more cells could be trapped; Besides, the difference o f 
trapping percentage between 0° and 35° well was slightly bigger when lower flow rate 
was applied. The lower the flow rate, the longer the residence time (tr), thus allowing 
more cells near the centre o f DEP-well C-35 to be attracted towards the electrode and 
get trapped.
For the percentage o f cell recovery, average o f 94.6% o f trapped eells were able 
to be released and collected after the electric field was changed to lOVpp at 10 kHz. The 
frequency to release the cells was chosen to be 10 kHz based on the DEP-spectrum o f 
the viable yeast which produces negative DEP at that particular frequency. The attached 
cells were repelled and flushed out by the flow rate o f 20pFmin,
4.4.1.3 Cell trapping comparison between DEP-well C-0 and M-20
As mentioned earlier, DEP-well C-0 has 25 wells with diameter o f 580pm each. 
Meanwhile, DEP-well M-20 has 20 wells with slightly bigger diameter (700pm each). 
Table 4.6 shows the results o f yeast trapping percentage for the separation device 
utilising DEP-well C-0 and DEP-well M-20 in series arrangement.
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Table 4.6 : The result o f yeast trapping percentage between the separation device utilising DEP-well
C-0 and DEP-well M-20
DEP-well used DEP-well C-0 DEP-well M-20
Trapping field 20Vpp at 
IM Hz
20Vpp at 
IM Hz
20Vpp at 
IM Hz
20Vpp at 
TM Hz
20Vpp at 
IM Hz
20Vpp at 
IM Hz
Trapping flow rate 5pl/min lOpFmin 20pl/min Spl/min lOpFmin 20pl/min
% trapping 80.5±2.1 64.6±2.2 53.3±2.7 75.7±3.6 67.0±3.9 54.8±2.7
By comparing the result o f  yeast trapping percentage between DEP-well C-0 and 
DEP-well M-20, DEP-well C-0 was able to trap more cells (80.5%) at slow flow rate 
(5pl/min) but fewer eells at flow rate greater than 1 Opl/min as compared to DEP-well M- 
20. Although both wells were flushed at similar flow rate, but the velocity profile o f 
fluid flow was different. The velocity was increased in smaller diameter o f well and 
cause the cells to move faster through the well. Cells particularly at the near centre o f 
well were able to be trapped when the residence time o f the eells ( t j  is longer than the 
time period for the cells to move towards the edge well ( I d e p ) .  The flow rate o f 5pl/min 
was considerably sufficient to allow the cells that flowing at the near centre o f  580pm 
well to be attracted and get trapped.
For the 700pm well, longer residence time which means lower flow rate is 
required to pull the near centre cells towards the edge o f well in order to achieve similar 
or greater trapping percentage. However, when the flow rate was increased to lOpFmin 
or more, cells at near centre o f 580pm well were no longer can be pulled thus reducing 
the cell trapping percentage. Only cells that travelling near the edge were influenced by 
the DEP force and get trapped. As DEP-well M-20 has a bigger perimeter o f electrode 
surface, more cells were able to be captured compared to DEP-well C-0. There is no 
doubt that higher trapping percentage could be achieved by DEP-well C-0 if cells are 
driven at lower than 5pFmin.
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4.5 Separation of Non-viable and Viable Yeast
The separation device using DEP-well M-20 produced better trapping efficiency in 
comparison with DEP-well M-16. Then, DEP-well C-0 was tested and shown an 
improvement in the trapping percentage. After that, DEP-well C-35 was experimented 
and exhibited slightly greater trapping percentage. Therefore, to utilise the device in 
separating and sorting two different types o f cells, 1:1 mixture o f viable and non-viable 
yeast cells was used. The procedures to prepare the eells were explained in Chapter 3.4. 
The cells with total concentration o f 6.5 x 10^ cells/mL (± 8%) and suspended in 
medium o f  conductivity o f 5mS/m were introduced into the device at flow rate o f 
5pFmin.
DEP-well C-35 electrode was arranged in series and energised with 20Vpp at 
frequency o f  1 MHz to trap the viable cells and separate them from the sample mixture. 
The trapped cells were then released by switching the signal to lOVpp at 10 kHz and 
pushed out with 20pFmin to obtain high recovery o f  the trapped cells. The outcome o f 
the device was divided into twelve Eppendorf tubes and each tube contained 40pl. The 
numbers o f  viable and non-viable cells collected in each tube were counted using the 
haemocytometer. The non-viable cells were distinguished by adding the trypan blue 
solution. A ratio between the concentration o f cells collected in each tube and the 
concentration o f initial cell sample for both viable and non-viable cells was determined. 
The experiment was repeated three times to ensure the reliability o f  the system. The 
average o f  the results obtained was plotted and shown in Figure 4.19.
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Figure 4.19: The outcome of the device in separating 1:1 mixture of viable and non-viable yeast
using DEP-well C-35
Based on the viable cell profile in Figure 4.19, it was calculated that about 82.2 ± 
3.5% of the viable cells suspended in 200pl was trapped when 5pFmin was introduced. 
By increasing the flow rate to 20pFmin, the cells collected between ninth and twelfth 
fractions produced 93.3 ± 2.7% of the trapped cells. When refer to the profile o f non- 
viable eells, the ratio o f cells remains almost constant throughout the experiment and 
shows an unnoticeable sedimentation o f cells occurred. Only 5.7 ± 3.2% o f the total 
number o f eells introduced into the device was unable to be collected. The percentage o f 
viability o f eells detennined in each tube throughout the process o f separation and 
recovery was shown in Figure 4.20.
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Figure 4.20: The percentage of yeast viability throughout the process of separation and recovery
using DEP-well C-35
From Figure 4.20, the viability o f yeast cells was initially prepared at 50.8 ± 1.3% 
and remained constant when no electric field was applied. During the separation period, 
the viability dropped to about 17.3 ± 1.9% thus increasing the percentage o f the non- 
viable cells to 82.7 ± 1.9%. The percentage o f cell viability was suddenly increased by 
35% after the transition from separation to recovery process and 20% afterward. The 
viability was then gradually decreases and back to the initial value.
4.6 Conclusion
In conclusion, the single well and multi-well electrodes were able to separate a 
mixture of viable and non-viable yeast cells when generating positive DEP force with 
the signal o f 20Vpp at IMHz frequency. In single well experiments, a better separation 
was achieved when the mixture o f cells were exposed longer (more than 4 minutes) to 
the electric field, which allows more viable cells to be trapped thus increasing the purity 
o f the non-viable yeast cells. In practice, the system developed could be used to separate 
two mixtures o f cells if the cells o f interest were exhibiting a negative DEP response, 
this allows that cells to be collected with high purity.
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In the experiment utilising the multi-well electrodes, a separation system was able 
to be constructed in-house without the need for any sophisticated equipments. Many 
attempts have been done to optimise the system in aspect o f trapping and recovering the 
yeast cell. This involves preventing the formation o f bubbles, minimizing the cell 
sedimentation effect, reducing the experiment time and dead volume. The system setup 
also keeps on changing from using the switching valve (to allow the cells and separation 
medium being injected continuously without creating bubbles) and optical detector (to 
sense the presence o f cells at inlet and outlet o f the separation device) into the sample 
collector (dividing the cells into small volume to count). Counting the cell concentration 
before and after pumping into the separation device was the simplest way to determine 
the performance o f the device in terms o f trapping and recovering the cells.
A series o f experiments conducted had proved that around 57% o f viable yeast cells 
were effectively trapped by using DEP-well M-16 arranged in parallel and pumped at 
5pl/min. With the similar flow rate, the efficiency was enhanced to approximately 76% 
when the series arrangement was made using DEP-well M-20. By replacing DEP-well 
M-20 with DEP-well C-0, the trapping percentage was able to be increased to 81%. 
Subsequently, the angle well (DEP-well C-35) was introduced to overcome zero net 
DEP force produced by the symmetrical well. As a result, the well was able to capture 
slightly greater percentage (about 83%) o f viable yeast cells. Those percentages truly 
determine the efficiency o f cell trapping obtained by the wells which not including a loss 
o f cells in the device.
The cell loss during the separation process needs to be considered. This will tell 
the efficiency o f  the device in handling the cells without missing in the path flow o f 
device especially in the tubing and flow channel. People can claim that their device able 
to trap or separate cell with high percentage nearly 100% by pumping some amount o f 
cells into the device and collected nothing at the outlet. In reality their cells is just 
settling down and get trapped in the dead area inside the device. Therefore, it is better to 
has cell flowing profile without applying an electric field to make sure the cells pumped
in are free flow and not sediment in the device.
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Although the efficiency achieved was not reach 100% as targeted due to some 
limitations mentioned earlier, but a simple separation system can be developed quickly 
at low cost and produced reasonably high cell trapping efficiency. Besides, the 
separation device offers reusable, ease o f fabrication, assembly and cleaning.
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Chapter 5 DEP-well Trapping Simulation
5.1 Introduction
Comsol 3.3a® (COMSOL, Stockholm, Sweden) was used to perform the relevant 
simulations in order to study the performance o f  DEP-well to trap particles particularly 
yeast cells. The simulation results were used to compare with the outcomes trend o f the 
experimental works. One o f  the main considerations in performing the simulation is 
looking into the ability o f DEP-well geometiy in generating electric fields. By 
simulating the effect that the well geometry has on the electric field distribution, the 
strength o f DEP forces acting on the particles can therefore be quantified. Once the force 
is determined, parameters such as the velocity and time period o f the particle to move 
towards the strong electric field region, can then be calculated. These data will be used 
to calculate the trapping efficiency o f  single well electrode.
In addition, the software was also used for modelling the fluid flow driven by a 
pump through a well structure. The velocity profile produced along the entire length o f  
the well is the parameter that needs to be considered as it affects the ability o f  the well to 
efficiently trap particles. The analysis to predict the trapping percentage o f yeast cells 
due to the effect o f DEP force and the presence o f  fluid flow was then computed using a 
Matlab program. All the analyses were performed using a computer with the 
specifications as follows; Intel® Pentium 4, 3.2GHz microprocessor and 2GB o f  RAM 
memory.
5.2 DEP-well Geometry
The DEP-well electrode with diameter o f 700pm was made up o f  15 layers o f 
copper and insulator. The process o f drawing the well in 3D and simplify the geometry 
to 2D is illustrated in Figure 5.1.
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Figure 5.1: DEP-well structure. A) Single D E P -w ell, B) Inside view of the w e ll, C) Symmetrical 
well geometry , D) Element extracted from the radial section of the axisymmetric well.
At the beginning o f the modelling, the geometry o f single DEP-well was drawn in 
3D to mimic the actual ones (Figure 5.1 (A)). A complement of the actual geometry was 
created (Figure 5.1(B)) in order to define the well’s boundary conditions and medium of 
cell suspension. This will provide a view o f the effects o f the electric field and fluid flow 
on the cells that were suspended in the well. In order to achieve tolerable results, 
especially for the gradient o f electric field squared, this geometry needs to be meshed or 
segmented into finer elements. This can be done by drawing only one symmetrical part 
consisting o f one insulator and two layers o f half conductors, as shown in Figure 5.1(C). 
This geometry will then be applied later for modelling the non-axisymmetric well (C-
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35). For the axisymmetric cylinder well such as M-20 and C-0, it can be redrawn (Figure 
5.1(D)) and analysed using 2D axial symmetry in Comsol’s space dimension selection.
5.3 Electric field Simulation
The Electrostatics application mode was selected to simulate the distribution o f the 
electric field and the gradient of electric field squared in the DEP-well that correspond to 
the strength o f the DEP force. The well was modelled in 2D as a rectangle, since the 
geometry is cylindrical and axisymmetric. For M-16/M-20 (only different in number o f 
wells) well electrode with the specific electrode (70pm) and insulator (120pm) layers, 
the model dimensions were 350pm and 190pm, referring to the radius o f the well and 
the overall thickness o f one insulator layer and two of half conductive layers, 
respectively. The half conductive layer was 35 pm thick and the insulator layer was 
120pm thick. An assumption was made that the conductor was perfectly conductive with 
no potential losses, and the insulator was perfectly isolating with no currents passing 
through. The conductors were applied with the ac potential o f 20Vpp and the well 
contained a suspending medium with relative permittivity o f 78. All o f the parameters 
and the boundary conditions were defined in the model as described in Figure 5.2.
Symmetry Electric Potential 
6 = 10V
z
o
Suspending medium
lectric Potential 
= -10VSymmetry
Figure 5.2:The boundary condition for the axisymmetric well model
90
Chapter 5 DEP-well Trapping Simulation
5.3.1 The electric field distributions
The DEP force was proportional to the gradient o f the electric field squared. In 
addition, the strength o f electric field is dependent on the geometry, dimension and 
arrangement o f the electrode. The electric field distribution obtained from the simulation 
o f 3D DEP-well M-16/M-20 was used to determine the strength o f the electric field 
when approaching the centre. The results were then compared with the interdigitated 
planar electrode with similar parameters and dimensions (Figure 5.3).
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Figure 5.3: The electric field penetration: A) Contour plot across the DEP-well radius. B) 
Comparison between DEP-well (red) and interdigitated planar electrodes (blue).
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The distribution o f the electric field from the electrode surface up to 350pm 
distance was observed at three different positions, namely across the edge o f the 
electrode, across the centre o f insulator, and across the edge o f the electrode. Based on 
the simulation results shown in Figure 5.3 (B), the strength o f the electric field was 
highest (about 2.4 x 10  ^ V/m) at the edge o f the electrodes and decreases exponentially 
when approaching the centre o f the well or at a distance o f 350pm. Although the field 
strength at the surface o f both electrodes was simulated similar, but the strength o f DFP- 
well was found to be three times greater than the fields produced by the planar 
electrodes at the distance o f 350pm.
5.3.2 The gradient of electric field squared
The gradient of electric field squared for the axisymmetric cylinder DFP-well was 
determined by partial differentiation o f the RMS electric field frmctions as follows:
|2
V E axisym m etric w e ll
<5|A,
(5.1)
where r is the radial distance from the axis. The outcome may be presented in a 3D log 
scale as shown in Figure 5.4.
Field sq u a re d  
grad ien t
Figure 5.4: Surface post processing: the gradient of electric field squared (log scale) inside the DEP-
well
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In Figure 5.4, the y-axis represents the thickness o f electrode and insulator layers 
and the respective position o f the layers, the x-axis represents the radius o f the well, and 
the z-axis represents the magnitude o f  the gradient o f electric field squared in log-scale. 
The highest gradient o f electric field was reached at about lO^^V^m'  ^ at the edge o f the 
electrode, while the lowest was less than lO^V^m'^ located at the centre o f well. This 
proved that the DEP force generated at the centre o f the axisymmetric well was very 
weak. Consequently, particles suspended within this area will not be significantly 
affected by the DEP force.
5.4 Particle motion due to DEP effects
If  a dielectric particle was suspended in a static fluid under the influence o f  non- 
uniform electric field, it will experience the DEP and drag forces. Ignoring the Brownian 
motion and the gravity, the DEP force acting on the particle is equal to the drag force.
^D E P ~  ~^D R A G  (5  2)
The negative sign shows that the drag force was in the opposite direction o f  the particle 
motion. For the case o f spherical particles, the drag force may be defined as:
F D M G = ^ ^ r r i v  (5.3)
where rj is the fluid viscosity, r is the radius o f the particle and v is the velocity o f  the 
particle relative to the fluid. Equation 5.2 can then be substituted with the Equation 2.1 
and 5.3 to determine the DEP velocity o f a particle ( vdep)  [73-75]:
syKeU cm im W \Ej 
D^EF = -----------------^ -----------------  (5.4)
93
Chapter 5 DEP-well Trapping Simulation
where is the permittivity o f the suspending medium, r is the particle radius,
KQ[fcm(oS)\ is the real part o f the fcm, and is the gradient o f the RMS value o f  an
electric field. To simplify the calculation o f Vdep, the value o f the gradient o f electric 
field squared at three different positions across the well were averaged. In order to 
provide a comparable result, parameters such as the radius o f particle, the real part o f the 
fcm, the permittivity and viscosity o f suspending medium are defined accordingly to the 
theoretical values tabulated in Table 5.1. The radius o f the particle in this instance refers 
to the yeast cell as it has been used in the experiments. The value for the fcm  was chosen 
as positive, allowing positive DEP force to be simulated; therefore moving the cells 
towards the strongest electric field region.
Table 5.1: Theoretical value o f the parameters of the cell and suspending medium defined in the
simulation.
Parameter Theoretical value [11]
Yeast particle radius (r) 4 X 10'^ m
Clausius-Mossotti factor (Re[/cw(cû)]) +1
Permittivity o f the suspending medium (Em) 6.906 X 10-'" F/m
Viscosity o f the medium (q) 1.36 X 10'"^  Pas
The approximation sums method was applied to estimate the DEP time (toEp) for 
cells to move towards the wall due to the effect o f positive DEP [11]:
DEP = z
7=1
X, — X
A
(M )
^D E P {i)
(5.5)
where n is the total number o f point from edge to the centre o f well and XrX(i-i) is the 
distance between the two points. The DEP time (toEp) taken for the yeast cell having 
DEP velocity ( v d e p )  at certain distances to traverse towards the edge o f  the well is 
shown in Figure 5.5.
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Figure 5.5: DEP velocity (voep) and time (toEp) of yeast traverse towards the edge of the well with
radius of 350|am.
Based on the plot, the time required for the yeast cells to traverse towards the 
well edge depends on the location where it was suspended. The closer the particles were 
to the edge o f the well, the faster it will travel towards the region o f high electric field. 
In addition, the cells suspended at the centre o f the DEP-well will not be attracted to the 
edge o f the well altogether, due to zero DEP force acting on it. This was explained by 
the improbable DEP time, which was simulated as 950 hours. However, cells began to 
move with exponential speed and took less time when approaching the wall. At least 60 
seconds were required for all the cells located below the maximum distance o f 250pm to 
be pulled by the positive DEP force. The term maximum distance (Td) refers to the 
location o f the farthest cell that was able to be trapped.
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5.5 Determination of Cell Trapping Percentage
When cells suspended at a distance o f Td from the edge, it requires toEP second to 
move towards the edge o f well and get trapped. Any cells suspended less than Td are 
assumed to be trapped as less Idep are required. For the axisymmetric cylinder well, the 
percentage o f cell trapping can be calculated using Equation 5.6. This trapping 
percentage is estimated based on the ratio o f the volume where the cells can be trapped 
to the total volume o f suspending medium in the well as illustrated in Figure 5.6:
. 2  r r  _ /  r-k / o  ^  ? \ 2
0trapping
n { D H y H - 7 i { D I 2 - T d y H
n { D H y H
x l O O % (5.6)
where D is the diameter o f the well. Id is the maximum distance for the cells that can be 
trapped, and H  is the thickness o f the well.
Max trapping distance (Td) = 75pm 
Non-trapping area
Trapping area
tDEP~ 0.3
Figure 5.6: An illustration of the trapping and non-trapping area to define the trapping percentage
at period toEP of 0.3 seconds.
To determine the percentage of cell trapping, the relationship between the 
position o f cells suspended in the well and the DEP time needed to be understood. 
Referring to Figure 5.6, yeast cells that are located at the maximum distance o f 75 pm 
require only 0.3 seconds to be pulled towards the electrodes and trapped. By calculating
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the percentage o f trapping using Equation 5.6, the trapping percentage obtained was 
18%. To relate the trapping percentage with the DEP time, the maximum distance o f 
cells was used as a constant. Therefore, one can predict that by applying an electric field 
to the well containing yeast cells for 0.3 seconds, 18% of the cells that experienced 
positive DEP will be trapped. A graphical prediction o f the yeast trapping efficiency 
based on the time period o f applying the electric field was plotted and shown in Figure 
5.7.
100
tD E P  ( s e c )
Figure 5.7: The trapping percentage of yeast cell using the single DEP-well M when applying the
electric field at certain period of time.
From the plot, it was predicted that almost 99% of yeast trapping can be achieved 
when positive DEP was generated for about 17 minutes. In addition, more than half 
(about 55%) o f the yeasts suspended in the well can already be trapped by applying the 
field for only a second. Although the simulation result shows 100% of trapping 
efficiency can be achieved after 3 x 1 0 ^  seconds, but this will not occur due to the zero 
DEP force acting on the cells located at the centre o f the well.
An additional parameter that needs to be considered in determining the trapping 
efficiency is the cell residence time. It is the time taken for cells to pass through the well 
vertically when driven by fluid flow. A longer residence time allows the cells that are far
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away from the wall to be captured, thus increasing the trapping efficiency. The cell 
residence time depends on the thickness o f  well (H) and the velocity o f cells (Vceii) 
moving through the well:
,  H
However, it must be noted that the cells passing through the cylindrical well will 
flow according to the fluid velocity profile developed in the well. The fluid that flows at 
low velocity (<lmm/s) in a small channel (<lm m) is considered to be incompressible 
and laminar [76], and has a Reynolds number (Re) o f less than 1. Reynolds number (Re) 
may be defined as follows:
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where pf is fluid density, V is average fluid velocity, D is characteristic length or 
diameter and r\ is the fluid viscosity. I f  fluid with density o f 1020 kg/m^ and viscosity o f  
1.36m Pas flows at an average velocity o f  1.73 mm/s through a well with a diameter o f 
700pm, the resulting Re number will be 0.9. Since the flow in the well is laminar, it 
generated a parabolic flow profile, where the velocity was approximately twice the 
average velocity at the central line and decreases exponentially to zero when 
approaching the wall.
5.6 Fluid Flow Modelling
The simulation o f the fluid flowing through the well was conducted using the 
Incompressible Navier-Stokes application mode in Comsol. The structure consisted o f 
16 layers with a total thickness o f 1.4mm to represent an actual DEP-well. The 
development o f parabolic flow profile can then be observed as it occurred throughout the 
vertical length o f the well.
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The flow profile of incompressible fluid is governed by the Navier-Stokes 
equation:
p f —  + (m • V)m 
d t
Vp + rjW'^ u (5 .9 )
where pf is the fluid density, Vp is the pressure gradient, u  is the velocity and q is the 
viscosity o f the fluid. When the fluid flow is laminar, the inertial terms on the left side o f 
the Equation 5.9 is no more applicable, thus simplifying the equation as:
(5.10)
By defining the parameters o f fluid density (pf), viscosity (q) and the specified 
boundary conditions in Comsol as shown in Figure 5.8, the parabolic velocity profile of 
the fluid flows along the well can then be determined.
Inflow velocity 
(average 
velocity =Wq)
No-slip j \  
(w=0) K
Tissure
Figure 5.8: Boundary settings for determining the parabolic velocity profile through the DEP-well
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A principle o f flow continuity was used to calculate the average velocity that 
need to be defined in the model. This principle was derived from the fact that mass flow 
rate must be equivalent within a system with single inlet and outlet. This can be 
expressed as:
A f  4  =  A E 4  (5 -1 1 )
where p is the density, V is the average velocity o f the fluid and A is the cross-sectional 
area. As the fluid is considered incompressible, the density is therefore equal, which 
reduces the Equation 5.11 to:
(5.12)
where Q is the volumetric flow rate. The average velocity o f the fluid in the single well 
o f DEP-well M-16/M-20 for various flow rate values were calculated and tabulated in 
Table 5.2.
Table 5.2: The average velocity calculated based on the flow rate driven by pump
Diameter well (m) 7.00E-04
Volumetric flow rate, Q (gPmin) Average velocity, V (m/s)
0.1 4.33E-06
0.5 2.16E-05
1.0 4.33E-05
5.0 2.16E-04
10.0 4.33E-04
20.0 8.66E-04
40.0 1.73E-03
5.6.1 Fluid Flow Velocity Profile
Seven average velocities were defined in the model to generate the parabolic 
velocity profile (Vfiuid) in which further analyses will be performed to determine the 
effect o f flow rate towards the cell trapping efficiency.
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Figure 5.9: Simulation results of parabolic velocity profile: A) Surface plot along the well. B) Line 
plot across the centre of the well for different average velocities.
Figure 5.9 shows the development of parabolic velocity profiles for the fluid 
flow after entered the well (left), and a magnitude o f parabolic velocity (right) taken 
across the well for different average velocities. When the velocity profile reaches the 
constant parabolic velocity, the value at the centre o f the well was almost double the 
average velocity around the well diameter and gradually diminishes with decreasing 
distance to the wall. The velocity was assumed to be zero at the walls.
5.7 Effect of fluid flow and DEP force on the particle trapping 
efficiency
The particle trapping efficiency was determined by analysing the fluid velocity 
(vfluid) and the steady-state particle velocity (vdep) results obtained from the 
Incompressible Navier-Stokes application mode and the Electrostatics mode, 
respectively.
In order to trap a moving particle driven by a pump using the DEP-well under the 
influence o f positive DEP force, the force must be greater than other external forces such
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as drag and gravity forces. Since the particle that flow through the well was not much 
affected by the gravity force, this can be ignored. In terms o f the time period for 
particles to move towards the edge well (toEp) and the residence time for the particles to 
flow through the well ( t j ,  the relationship between the two must be defined as:
^DEP — 4 (5.13)
The particles will be trapped within the well when the DEP time period (toEp) is 
shorter or equal to the residence time ( t j .  This equation may be expanded to include the 
velocity data gathered from both simulations and expressed as:
r  \z
7=1
^(/)
V
< h
V
(5.14)
fluid(n)
where n is the total number o f points from the edge of well to particles, x is the distance 
o f a particle from the well edge and h is the distance between particles and underneath o f 
well. Figure 5.10 describes the relationship between the movement o f particles due to 
the effect o f DEP force and fluid flow.
Figure 5.10: The illustration of the particles movement under the effect of DEP force and fluid flow
in the DEP-well.
To determine the trapping percentage o f particles using Equation 5.6, the
maximum distance (Td) of a particle from the edge of well should be defined first. This
can be done by comparing the value o f the DEP time (toEp) with the residence time (tr)
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across the top surface o f the well, where h is substituted with the thickness o f the well 
and Vfluid is the magnitude o f the parabolic velocity profile. Any particles that flow less 
than the maximum distance would have long enough residence time and can be 
influenced by the DEP force to be attracted to the edge o f the well and considered as 
trapped.
The simulated velocity (vdep) and time (toEp) o f yeast cells were used together 
with the parabolic velocity profile (vfiuid) to analyse the trapping efficiency and the 
results were presented in Figure 5.11. Due to the axisymmetric nature o f the well, only 
one half o f the diameter will be analysed. The determination o f cell trapping percentage 
will then be compared with the experimental results.
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Figure 5.11: The determination of trapping percentage of yeast using single well of DEP-well M- 
16/M-20 due to the influence of DEP force and fluid flow.
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Based on Figure 5.11, the DEP velocity plot (blue line) contains two parameters, 
namely the velocity (vdep) and the time (toEp) o f yeast cells under the effect o f DEP in 
steady-state. When fluid was driven by a pump at different flow rates and produced 
parabolic velocity profile (red line), the percentage o f yeast trapping (vertical line) will 
correspondingly change. High flow rate will increase the velocity and reduce the 
residence time o f cells within the well, thus decreasing the trapping percentage. In 
addition, if the thickness o f the well increases, cells were believed to have longer 
residence time to pass through the well. This will cause cells nearer to the centre o f the 
well to be pulled towards the wall and get trapped, therefore improving the cell trapping 
efficiency.
Based on the well thickness o f  1.455mm, it was predicted that 97.1% o f cells can 
be trapped when cell suspension was pumped at O.lpFmin (flow rate) or 4.33pm/s 
(average velocity). At this flow rate, cells had maximum residence time o f about 169 
seconds when passing through the well. Consequently, only cells that are flowing less 
than 0.29mm from the wall will be trapped because this is the maximum distance o f  
cells to be pulled by positive DEP force in less than 169 seconds. The percentage 
decreased to 52.4% when the flow rate was increased to 40pFmin.
5.8 Comparison of Electrode Geometries
5.8.1 Introduction
Besides manufactured well (M-16/M-20), the effectiveness o f the constructed 
DEP-well C-0 and DEP-well C-35 to trap cells was investigated by performing similar 
simulation analysis and compare with the experimental results. As mentioned earlier in 
Chapter 3.3.4.1, the electrodes were constructed from 9 interleaved layers o f copper (5 
layers) and PET (4 layers) with a thickness o f 40 pm and 120pm for the copper and PET 
materials respectively. In between the copper and PET layers, there was an acrylic 
adhesive material with a thickness o f 24pm. The DEP-well C-0 consists o f  25 straight 
wells with an average diameter o f 580pm while the DEP-well C-35 consists o f  25 wells
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with an angled o f 35° from straight hole axis. It was expected that by narrowing the 
diameter o f well may result in production o f a stronger DEP force near the centre o f the 
well which increases the time taken for cells to get trapped. It was also believed that by 
tilting the well at 35° could influence cells that flow at the centre to be trapped due to the 
radial force is not zero. Therefore, the effects o f both well shapes on the generation o f 
gradient o f electric field squared and the efficiency o f cell trapping were analysed using 
Comsol Multiphysics and Matlab software.
5.8.2 Gradient of Electric field
One o f the main factors that influence the magnitude o f DEP force is the gradient 
o f electric field squared. As known, the DEP force is proportional to the gradient o f 
electric field squared which is generated according to configurations (size, spacing) and 
geometry o f the electrodes. The gradient o f electric field squared generated by the DEP- 
well C-0 and the DEP-well C-35 was numerically determined using the Electrostatic 
application mode in the Comsol Multiphysics.
5.8.2.1 DEP-well C-0
As the geometry o f the DEP-well C-0 was an axisymmetric cylindrical, only a 
rectangle with dimensions o f 290pm x 208pm was drawn to present the whole structure 
o f the well. These dimensions were referred to the radius o f the well and overall 
thickness o f  one PET layer (120pm), two acrylic adhesive layers (48pm) and two o f half 
copper layers (40pm) accordingly. The boundary conditions o f this 2D structure were 
then defined similarly as presented in Figure 5.2 by including the adhesive layers as the 
insulator. Subsequently, the simulation o f the well model was continued with meshing 
and post-processing steps. Once the model was completely simulated, the gradient o f 
electric field squared was examined at three different levels namely edge o f  conductive 
(copper) layer, centre o f conductive layer and centre o f insulator (PET and acrylic 
adhesive) layer. The results were plotted on a logarithmic scale and shown in Figure
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together with the gradient o f electric field squared generated by the manufactured 
(DEP-well M-16/M-20).
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Figure 5.12: The gradient of electric field squared generated by the DEP-well C-0 (blue) and the 
DEP-well M-16/M-20 (red) at three different levels namely edge of conductive layer, centre of 
conductive layer and centre of insulator layer.
In general, the magnitudes o f the gradient o f electric field squared at three
different levels for both wells were found to decrease gradually towards the centre of
each well. The lowest magnitudes were found at the centre o f well which indicates the
DEP force generated at this axis is zero. Besides that, the magnitudes o f the field
gradients generated in the DEP-well C-0 were found greater than the magnitudes
generated in the DEP-well M-16/M-20 starting at 30% of the each well radius from the
well edge to the axis near the well centre. This magnitude differences between both
DEP-wells were continuously increased up to one order when approaching the centre o f
the well. Such differences were expected as the diameter size for the DEP-well C-0 was
smaller than the DEP-well M-16/M-20. Therefore, it was proved that, by narrowing the
diameter o f the well, the magnitude o f the electric field near the centre o f the well can be
increased. This will contribute to the generation o f stronger DEP force. When stronger
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positive DEP force is acting on a cell, it produces faster movement for the cell towards 
the highest electric field regions which lead to decrease o f the DEP time (toEp) taken for 
the cell to be trapped. For a given flow rate, as long as the toEP is shorter than the 
residence time ( t j ,  higher cell trapping percentage could be attained by DEP-well C-0 
compared to DEP-well M-16/M-20.
On the other hand, the magnitudes o f electric field gradient squared that 
produced near the edge o f the well have shown a slight difference between the both 
DEP-wells particularly at the centre o f conductive and insulator layers levels. The 
magnitude generated in the DEP-well C-0 was found higher than the DEP-well M-16/M- 
20 at the centre o f conductive layer level but lesser at the centre o f insulator layer level. 
These differences were due to the different thickness o f the materials used to build the 
both electrodes. Thicker conductive and insulator layers were reduced the magnitude o f 
the field gradient electric field generated at the centre level o f each layer that near the 
edge o f well. Although the magnitude generated in the DEP-well C-0 was found slightly 
less at the centre o f insulator layer, but it was compensated by the increased o f the 
magnitude at the centre o f conductive layer, thus, should not affect the trapping 
percentage o f cell near the edge o f well.
S.8.2.2 DEP-well C-35
As the DEP-well C-35 electrode was tilted at an angle o f 35° from the straight 
hole axis, the geometry forms an elliptical cross-section as shown in Figure 5.13. The 
diameters o f the ellipse have two axes namely major axis (longest diameter) and minor 
axis (shortest diameter). The minor diameter (580pm) o f the angled well was assumed 
similar to the average diameter o f the DEP-well C-0 while the major diameter (708pm) 
was calculated using trigonometric function as follows:
 ^ minor diameter
M .,o ,d ™ = ,. ,  = (5.15,
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Figure 5.13: The 3D geometry for DEP-well C-35 model
The well was modelled in three-dimensional (3D) due to the non-axisymmetric 
geometry. As can be seen in Figure 5.13, the structure was simplified by drawing only 
two o f half conductive layers and one insulator layer including two adhesive layers.
The boundary conditions of the geometry were defined according to Table 5.3 and then 
continued with meshing and post-processing steps.
Table 5.3: Boundary conditions for the DEP-well C-35 model to simulate the distribution o f electric
field
Boundary Boundary conditions
Copper 1 Electric potential (V o =  lOV)
Copper 2 Electric potential (Vo =  -1 OV)
PET Zero charge
Acrylic adhesive Zero charge
Top boundary Symmetry
Bottom boundary Symmetry
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The magnitudes o f electric field gradient squared generated across the angled well 
were obtained using Equation 5.16.
V ^ a n g led w e ll
d K s f  , d \ E j ^  , 5|i?„
&
(5 .1 6 )
The post-processing o f the gradient o f electric field squared was then shown in 
Figure 5.14 together with the field gradient produced by the DEP-well C-0 for a 
comparison. In order to facilitate the comparison, the field gradient magnitudes for both 
DEP-well C-35 and DEP-well C-0 were normalised and only values between 0.5 and 1 
were featured in the Figure 5.14.
DEP-well C-35 (angled Ma*: 1.03
- - as5
DEP-well C-0 (straight)
0.500
Figure 5.14: Post-processing: the gradient of electric field squared generated across the DEP-well C- 
35 electrode (top), and the DEP-well C-0 electrode (bottom).
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Based on Figure 5.14, the maximum values or dark red colour indicates the 
highest magnitudes o f gradient o f electric field squared which occurs at the edge o f the 
electrode or copper layer while the value o f 0.5 or dark blue colour point out the areas o f  
lowest field gradient. By looking at these values, there was a significant different at the 
centre o f the DEP-well C-35 compared to the DEP-well C-0. The lowest field gradient 
areas for the DEP-well C-35 were not concentrated at the centre o f the well which 
usually occurs at the centre o f the axisymmetric geometry such as DEP-well C-0. This 
indicates the DEP force acting on a cell suspended at the centre o f the DEP-well C-35 is 
not zero. Furthermore, the magnitudes o f  the gradient o f electric field squared were 
taken at three different levels namely centre electrode (copper) layer, centre insulator 
(PET and acrylic adhesive) layer and edge electrode layer, across the major and minor 
axes o f  the well. In order to compare the distribution o f the field gradient between the 
DEP-well C-35 and DEP-well C-0, the magnitudes at those three levels were averaged 
and normalised (Figure 5.15).
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Figure 5.15: The comparison of the average magnitude o f the gradient o f electric field squared  
generated across the DEP-well C-35 and the DEP-well C-0 electrode.
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Based on Figure 5.15, an approximately 10^  ^ V^m'^ o f  the average magnitude o f  
the gradient o f electric field squared generated at the centre o f the DEP-well C-35 was 
obtained. This produces a DEP force on the order o f 10'^  ^ N acting on a yeast cell that 
suspended at the centre o f the well when substituting the parameters value o f the cell and 
suspending medium (Table 5.1) into Equation 2.1. Since the geometry o f  the well was 
non-axisymmetric, the DEP force exerted on the cell causing it to move toward the areas 
o f highest field gradient. On the other hand, the magnitudes o f  the field gradient across 
the major diameter o f the DEP-well C-35 were found slightly less near the edge o f  the 
well when compared to the other two measurements across the minor diameter o f  the 
DEP-well C-35 and across the diameter o f the DEP-well C-0. The decrement was due to 
the effect o f the wider width o f the copper and insulating layers which have been 
produced after drilling at 35° angle. The widths o f the both layers were assumed to be 
increased by a factor o f secant o f the angle o f drilling which was 35°. When the 
thickness o f the insulating layer or the gap between two copper layers was increased, it 
reduces the strength o f the eleetric field magnitude.
5.8.3 Trapping Percentage Prediction
The way o f  predicting the eell trapping percentage that could be attained by the 
DEP-well C-0 with the presence o f fluid flow will be discussed briefly in Chapter 
5.8.3.1. The detail procedures were similar to the 700 pm well diameter (DEP-well M- 
16/M-20) which has been explained earlier in Chapter 5. However, for the DEP-well C- 
35, the prediction o f cell trapping percentage was unable to be done by simulation due to 
the non-axisymmetric cylindrical geometry. A complete structure o f well was needed to 
be modelled to determine the DEP force and flow profile throughout the well. It has to 
be done in 3D thus requiring more RAM. Nevertheless, the trapping percentage was 
expected should be slightly higher than the DEP-well C-0 based on the results o f the 
gradient field presented in Figure 5.15.
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5.8.3.1 DEP-well C-0
The percentage o f cell trapping that eould be attained by the DEP-well C-0 was 
calculated using Equation 5.6 after identifying a maximum distance (Td) for a cell to be 
trapped at the electrode edge o f the well. The Td was identified by comparing time taken 
for the cell to traverse towards the edge o f the well due to the effect o f the DEP force 
(tüEp) with time taken for that cell to pass through the well due to the hydrodynamic 
force (tr). The cell was believed to be trapped if the toEP is shorter or equal to the tr. 
Therefore, the toEP and tr need to be determined first before the cell trapping percentage 
can be predicted.
By analysing the values o f the field gradient across the well, the DEP force 
experienced by any particles suspended in the well can be obtained. For a defined drag 
force (Equation 5.3) and the DEP force at any location within the well, the particles 
velocity ( v d e p )  due to DEP can be calculated by inserting Equation 5.4 into the Comsol. 
The similar theoretical values as tabulated in Table 5.1 were used to compute the v d e p -
In order to simplify the determination o f cell trapping percentage, the values o f 
Vd e p  across three different levels (edge o f conductive layer, centre o f conductive layer 
and centre o f insulator layer) were imported into Matlab for the averaging. The averaged 
value o f Vdep was then used to estimate the foEP by integrating along the distance fi-om 
the centre to the edge o f well using Equation 5.5.
On the other hand, the residence time for a cell to pass through the well (tr) was 
determined based on a volumetric flow rate applied. According to Equation 5.12, the 
flow rate is proportional to the average velocity o f the cell and the cross-sectional area o f 
the well after considering that the fluid is incompressible and flows in a laminar. Cells 
that flow through the well were assumed to behave similarly to the fluid profile 
produced in the well. Therefore, to obtain the fluid flow velocity (vfiuid) profile 
throughout the well, the simulation was performed using the Incompressible Navier- 
Stokes application mode in Comsol. The structure consisted o f 9 layers with a total
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thickness o f 0.872mm was modelled to represent the well. Once the velocity profile was 
computed, it was then imported into Matlab to calculate and compare the residence time 
(tr) with the toEP using Equation 5.14 in order to identify the maximum distance (Td) for 
the cell to be trapped. The cell trapping percentage was therefore can be predicted and 
the results were plotted in Figure 5.16.
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Figure 5.16: The trapping percentage of yeast using DEP-well C-0 under the influence of DEP force
and fluid flow.
As can be seen in Figure 5.16, the blue line shows the average values o f  the v d e p  
and toEP of yeast cell, while the red lines represent the parabolic profile o f the fluid 
velocity that developed through the well, and the vertical lines refer to the predictions o f 
the percentage o f yeast trapping. Seven parabolic velocity profiles were simulated 
according to the average velocities defined in the modelled. These average velocities 
namely 6.31 pm/s, 31.5pm/s, 63.1 pm/s, 315pm/s, 631 pm/s, 1.26mm/s and 2.52mm/s 
were calculated based on the applied flow rates: O.lpFinin, 0.5pFinin, l.OpFmin, 
5.0pFmin, 1 Op 1/m in, 20 p 1/m in and 40pl/min respectively. It was predicted that as much 
as 98.3% of the cells can be trapped in single well when cells were pumped at O.lpFmin 
through the well which having the total thickness o f 0.9 mm. By increasing the flow rate
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up to 40pl/min, the percentage was predicted to decrease to 45.2%. Figure 5.17 shows 
the relationship between the average flow velocity and the predictions o f the yeast 
trapping percentage produced by single well o f DEP-well C-0 and DEP-well M-16/M- 
20 .
&
I
I
o
Average flow velocity (m/s)
Figure 5.17: Simulation results: the trapping percentage of yeast cells attained using single well of 
DEP-well C-0 and DEP-well M-16/M-20 at varies of average flow velocity.
Based on Figure 5.17, the yeast trapping percentage using single well o f  DEP- 
well C-0 was found greater than DEP-well M-20 when cells were only driven at the 
average velocity lower than 0.15 mm/s. The flow rates at average velocity o f 0.15 mm/s 
were calculated to be around 3.5pFmin and 2.4pFmin flowing through the single well o f 
DEP-well M-20 and DEP-well C-0 respectively. The smaller diameter o f DEP-well C-0 
contributes higher percentage o f trapping cells as the cells that flowing near the centre o f 
well were able to be pulled by the DEP force and get trapped. Elowever, when cells were 
pushed faster than 0.15 mm/s, a better trapping percentage was attained using the DEP- 
well M-20 compared to the DEP-well C-0. This was due to the wide electrodes area 
around the edge o f the DEP-well M-20 that allows more cells at the near edge to be 
trapped. On the other hand, the small diameter o f DEP-well C-0 could increase fluid 
flow velocity at the centre of well. Cells suspended at the centre o f well will have shorter 
time to travel along the well. This causes the cells unable to be pulled towards the well 
edge and trapped; thus reducing the efficiency o f  cell trapping.
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5.9 Conclusion
Comsol has been chosen as the finite element analysis program o f  choice due to its 
capability o f  simulating several physical phenomena concurrently. Two application 
modes, namely the Electrostatics and the Incompressible Navier-Stokes, have been 
included in the model o f the DEP-well M-16/M-20, DEP-well C-0 and DEP-well C-35. 
These wells have been modelled with different diameter, structure and number o f layers. 
From the simulated model, information such as the distribution o f  electric field, the 
gradient o f electric field squared, and the velocity profile o f fluid in the well driven by a 
pump are able to be determined. These simulated data are used to calculate the DEP time 
(toEp) taken for yeast to move towards the strongest field region due to the DEP force. 
The tDEP also indicates the period o f time when cells are exposed to the electric field. 
The trapping percentage o f yeast cell in equilibrium state (free from pressure driven 
flow) is predicted based on this calculated toEP. The DEP-well is able to increase the 
trapping percentage when the field exposure time is longer. Meanwhile, the trapping 
percentage o f cell with presence o f  fluid flow is able to be determined by comparing the 
toEP and tr (the residence time o f cell traveling through the well due to hydrodynamic 
force). High trapping percentage is able to be achieved at lower flow rate, smaller well 
diameter and tilted well. The predicted yeast trapping percentage using the DEP-well M- 
16/M-20, DEP-well C-0 and DEP-well C-35 will be verified with the experimental 
results (Chapter 4) and discussed in Chapter 6.
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Chapter 6 Comparison of between 
Experimental and Simulation Results
6.1 Introduction
The DEP-well was modelled and simulated to validate the results o f trapping 
efficiency obtained from the experimental works. The experiment using the single well 
was carried out to evaluate the ability o f the well to trap cells when electric field was 
applied. Based on the performance o f the single well, the prediction o f  cell trapping 
efficiency when using more wells could be made. By increasing the number o f wells, a 
large volume of cells could be separated and allow for a high-throughput separation. 
Three types o f multi-well namely M-16, C-0 and C-35 were fabricated. These DEP-well 
which mainly different in bore sizes, materials, layer thickness, and bore angles were 
experimented to determine their cells trapping performance. The results were compared 
with the simulation modelling and any discrepancies were discussed and justified in this 
chapter.
6.2 Single Well Analysis
The experiment using single well was conducted to determine the trapping 
efficiency o f cells under the influence o f positive DEP force over time. The outcomes o f  
the experiment using single well o f DEP-well M-16 show a continuing increment o f cell 
trapping percentage over the electric field exposure time. More than 86% o f cells were 
captured when cells were exposed to the electric field for more than four minutes or 240 
seconds. The simulation results also show increasing trend but different in percentage o f 
trapping. The discrepancies o f trapping percentage between the experimental works and 
simulation results were shown m Table 6.1.
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Table 6.1: The difference of trapping percentage between the experimental and simulation results
using single DEP-well M -16 electrode.
Field exposure time (sec) Experiment (%) Simulation (%) Discrepancy (%)
60 33.8 ± 5 .4 92.0 58.2 ± 5.4
120 57.9 ± 3 .4 95.3 37.4 ± 3 .4
180 75.3 ± 2 .8 97.0 21.7 ±2 .8
240 86.6 ± 2.2 9T8 11.2 ± 2 .2
300 89.8 ± 4.4 9&2 8.4 ± 4.4
Based on the comparison between the experimental and simulation results, the 
discrepancy o f  trapping percentage was large approximately 58% when cells were 
exposed to an electric field for about 60 second. Although the simulation predicts 90% 
of trapping, but when experimentally tested, the single well o f  DEP-well M-16 was able 
to achieve trapping percentage around 34%. The difference might be due to effects 
which not taken into consideration in the simulation process. One o f the effects was 
thermal convection phenomena which occur when the small volume o f sample that 
loaded into the well was heated up by the voltage (20Vp.p) applied. Cells that should be 
trapped were moved away from the trapping region and cause the decrement o f cells 
trapping percentage. However, when the field exposure time was increased to four 
minutes and above, the discrepancy was reduced to nearly 8%. Long exposure time, give 
more time for the cells to get back to the trapping region and then be pulled by the DEP 
force.
Other factors that contribute to the difference in cell trapping percentage between 
the experimental and simulation results were the parameter values which had defined in 
the simulation model. Usually, the value o f Clausius-Mossoti factor (fcm) was assumed 
to be highest (+1) when the cell behaves positively DEP. This value was depending on 
conductivity and permittivity o f the cell and suspending medium. In practice, the 
conductivity o f medium easily to increase over time, thus reduce the fcm  value. As a 
result, the strength o f DEP force was decreased and lesser cells were able to be trapped.
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Table 6.2 shows the simulation results o f trapping percentage when the fcm  value was 
varies from 0.2 to 1 in the step o f 0.2.
Table 6.2: Simulation results o f trapping percentage due to the changed o f fc m  value
factor (fcm) 
Field exposure time (sec j"  — —
0.2 0.4 0.6 0.8 1.0
60 8&2% 85.9% 8&7% 9&6% 92.0%
120 8&0% 9&6% 92.9% 94.4% 95.3%
180 8&7% 93.0% 9^0% 96T94 97.0%
240 9fr6% 94.5% 96.2% 97.2% 97.8%
300 91.8% 9^4% 96.9% 97.8% 98.2%
The yeast trapping percentage is slightly decreased when the value o f fcm  became 
smaller. It was assumed that the fcm  value for the yeast was +1.0 at frequency o f  IMHz 
based on the DEP spectrum o f  the live yeast. However, the fcm  could be lesser than the 
assumption value, hence contributing to the lower trapping percentage. It was predicted, 
the trapping percentage decreased exponentially when the fcm  value dropped from 1.0 to
0.2. The decrement o f percentage was less significant for a longer exposure time as the 
percentage has approaching saturation level (>90%). For shorter exposure time, the 
dropped o f 0.2 fcm  value could cause greater than 1% o f percentage decrement.
Ideally, amplitude o f 20Vpp was applied to the DEP-well to generate an 
inhomogeneous o f electric field. The trapping percentage was determined based on the 
DEP force produced from the voltage applied. In practice, at high frequency, the voltage 
was slightly dropped due to the resistive and capacitive effect. The effect was 
contributed by the thickness and material o f the electrode and insulator layers, the total 
number o f layers and holes fabricated on the DEP-well and also conductivity medium 
used. When the applied voltage was dropped, the strength o f DEP force also reduced, 
thus decrease the trapping efficiency. Table 6.3 shows the simulation results o f  trapping 
percentage when the voltage was varies from VVpeak to lOVpeak in the step o f 1 Vpeak.
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Table 6.3: Simulation results o f trapping percentage due to the dropped o f voltage applied
''^ --~^___yol^e applied (Vpeak) 
Field exposure time ( s e ^ ------
7 8 9 10
60 87.3% 89.2% 9ff6% 92.0%
120 91.8% 93.2% 94.4% 95.3%
180 93.9% 9^2% 96T94 9T0%
240 95.3% 96.4% 9T2% 97.8%
300 96.2% 97.2% 97.8% 9&2%
From Table 6.3, it was found that the dropped o f voltage applied contributes to the 
decrement o f yeast trapping percentage. Although lOVpeak was supplied to the well 
electrode, the voltage applied may be lower due to the capacitive effect which reducing 
the impedance o f  the electrode at higher frequency. Based on the impedance 
measurement done in Chapter 3.2.4.2, the voltage was dropped more than half o f  the 
supply (20Vpp) at frequency between 5.7 and 7.5 MHz. However, at 1 MHz applied 
frequency, the impedance o f  DEP-well M-20 was measured about Ik fl and calculated to 
be 19Vpp by the Equation 3.3. From the prediction Table 6.3, the dropped o f 2Vpp 
contributes to the drop o f almost 1% o f the trapping percentage at 60 seconds o f field 
applied. The decrement o f trapping percentage was insignificant when the voltage 
dropped was IVpp.
Besides that, the lack o f handling the small volume o f sample in the single well 
also affected to number o f trapping cells. The use o f sample pulling rate at 0.5pFmin to 
withdraw untrapped cells from the well causes some o f the trapped cells being pulled out 
as well. Lower pulling rate was impractical as longer time was required to withdraw all 
the cells. Less cells trapping percentage was obtained due to this problem. This 
contributes to the difference o f the trapping percentage when compared to the simulation 
results.
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Varies o f cell sizes could be one o f the factors contributing to the discrepancy 
between the simulation and experimental results. In practice, the average diameter o f the 
viable yeast cell was 8 ± 1.6pm. This diameter was determined based on the 50 numbers 
o f viable yeast cells measured using the PhotoLite software. In the simulation model, the 
average radius o f 4pm was defined to calculate the trapping percentage. To predict the 
changes o f  trapping percentage due to variation o f cell sizes, the radius was varied 
between 3pm and 4.5pm and the effects are shown in Table 6.4.
Table 6.4: Simulation results of trapping percentage for different sizes o f yeast cell
-------_ _ _ R ^ iu s  o f yeast (pm)
Field exposure time (sec)" -—
3 3.5 4 4.5
60 88.0% 90T94 92.0% 93.0%
120 92.5% 94.0% 95.3% 9&4%
180 94.6% 9&0% 9T0% 97.5%
240 95.8% 97.1% 97.8% 98.5%
300 96.8% 9%7% 98.2% 9&9%
Since, the magnitude o f DEP force is proportional to the cube o f the cell radius, 
the ability o f  well electrode to trap smaller cell is less. By referring to the 60 seconds o f 
field applied, the percentage o f trapping was expected to be reduced by 2% when the 
radius o f yeast was 0.5 pm smaller than 4pm.
6.3 Multi-well Analysis
Multiple numbers o f single well electrodes were used to increase the cell 
separation throughput. In the single well experiment, cells were loaded in the well and 
the trapping percentage was determined based on the field exposure time. The time 
could also be referred as an average residence time ( t j ,  the time required for a cell to 
pass through the well. To drive the cell according to the residence time, a fluid flow was 
introduced. Due to the effects o f fluid flow and DEP force, the simulations o f trapping
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percentage were done and compared with the experimental results. Based on Equation 
4.2, the average o f residence time was calculated and compared to the time period (toEp) 
for cells to move towards the edge well due to DEP force. Cells were assumed trapped 
when the toEP is shorter or equal to the tr. Two types o f arrangement namely parallel and 
series were set in the experiment. For the parallel arrangement, the DEP-well M-16 was 
used as all the fabricated wells can be fitted nicely and aligned with the syringe barrel. 
The flow rate through each well was reduced by a factor o f 16 when the DEP-well M-16 
was arranged in parallel. Table 6.5 shows the experimental results o f yeast trapping 
efficiency compared to the simulation results using the DEP-well M-16.
Table 6.5: The difference o f trapping percentage between the experimental and simulation results 
using DEP-well M -16 arranged in parallel.
Flow
rate
applied
(pFmin)
Flow rate 
through 
single well 
(pFmin)
Average 
residence 
time (tr), sec
Parallel 
arrangement 
experiment 
(% trapping)
Simulation 
(% trapping)
Discrepancy 
(% trapping)
5 0.31 108 56.7 ± 6.2 94 37.3 ± 6 .2
10 0.63 54 47.0 ± 4.6 89 42.0 ± 4.6
20 1.25 27 24.5 ± 3.9 86 61.5 ± 3 .9
With the third separation setup, the 16 wells were aligned to fit the diameter o f 
syringe without any connection o f tubing in between. The applied flow rate, 5pFmin, 
lOpFmin and 20pFmin were reduced to O.SlpFmin, 0.63pFmin and 1.25pFmin 
respectively when entering each o f the well. The differences between the experimental 
and simulation results were really large. As can be seen in Table 6.2, the discrepancy 
was increased when higher flow rate was applied. The 16 wells were able to trap as 
much as 56.7 ± 6.2% at low flow rate o f 5pFmin. In contrast, the simulation result 
predicts 94% o f cell trapping which produced the difference o f 37.3%. The discrepancy 
became 61.5% when cells were flushed at 20pFmin. The uncertainty value o f  fcm  and 
voltage supply was the factors that contributed to the differences. Moreover, the strength 
o f electric field is decreases when the electrode edges are covered by the trapped cells.
121
Chapter 6 Comparison o f  between Experimental and Simulation Results
Cells are less influenced by the DEP force and led to the less trapping o f  cells 
particularly at high velocity whereby the residence time (tr) is greater than the toEP.
However, the cell trapping percentage was nearly close with the experimental 
results o f single well. The comparison was made between the average residence time (tr) 
and the field exposure time. At SpFmin, cells were calculated to travel for 108 seconds 
along one well and according to the performance o f single well, 57.9% o f cells were 
trapped when cells were exposed to electric field for 120 seconds. About 1.2% 
difference was noticed when cells were exposed 12 second longer than the cell travelling 
time. When cells were flushed at lOjaFmin, 64 seconds was taken for the cells to travel 
through one well. Compared to the single well experiment result, 60 seconds o f  field 
exposure time was able to trap 33.8% o f cells. The difference was increased to 13.2% 
when higher flow rate or shorter field exposure time was applied. The discrepancy was 
due to the lack o f withdrawing the small volume at shorter time as mentioned earlier.
The DEP-well M-20, DEP-well C-0 and DEP-well C-35 were used in series 
arrangement to produce a long channel as an alternative method to increase the trapping 
efficiency. The DEP-well M-20 has 20 holes but only 19 o f them can be used due to the 
series arrangement. Table 6.6 shows the results o f trapping percentage obtained from the 
experimental and simulation using DEP-well M-20.
Table 6.6: The result o f trapping percentage between the experimental and simulation results using
DEP-well M-20 arranged in series.
Flow rate
applied
(pFmin)
Flow rate 
through 
single well 
(pPmin)
Series
arrangement 
experiment 
(% trapping)
Simulation o f 
single well 
(% trapping)
Expected o f 
19 wells 
performance 
(% trapping)
Discrepancy 
(% trapping)
5 5 75.7 ±3.6 71.9 100 24.3 ± 3.6
10 10 67.0 ±3 .9 65 j 100 33.0 ± 3 .9
20 20 54.8 ±2 .7 59.0 100 45.2 ± 2.7
40 40 39.3 ± 2.2 52.4 100 60.7 ± 2.2
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From Table 6.6, the flow rate through each well was equal with the applied flow 
rate as the wells were arranged in series. The experimental trapping percentage 
outcomes were based on the performance o f 19 wells whereas the simulation results 
were done based on single well performance. I f  one well was predicted to trap about 
71.9% o f cells at SpPmin, therefore 19 wells were expected to get much higher trapping 
percentage which approaching to 100%. Yet, the achieved percentage o f trapping was 
only 3.8 higher. Ideally, through 19 wells, the trapping efficiency should be closed to 
100% even though the simulation o f single well predicts 52.4% o f yeast trapping can be 
achieved at flow rate o f 40pFmin. The discrepancy between the expected and 
experimented outcomes o f 19 wells was found to be inereased when higher flow rate 
was applied. Similar comparison is shown in Table 6.7 but the experiment was 
conducted using DEP-well C-0.
Table 6.7: The result o f trapping percentage between the experimental and simulation results using
DEP-well C-0 arranged in series.
Flow rate
applied
(pFmin)
Flow rate
through
single
well
(pFmin)
Series
arrangement 
experiment 
(% trapping)
Simulation 
o f single 
well (% 
trapping)
Expected o f 25 
wells
performance 
(% trapping)
Discrepancy 
(% trapping)
5 5 80.5 ±2.1 6T5 100 19.5 ±2.1
10 10 64.6 ± 2.2 60.3 100 35.4 ± 2 .2
20 20 53.3 ± 2 .7 52.4 100 46.7 ± 2.7
From Table 6.7, single well was predicted to trap 67.5% o f yeast cells but then the 
trapping efficiency o f 25 wells was only able to get 80.5%. Ideally, the trapping 
efficiency o f 100% can be achieved with the 25 wells that arranged in series. Due to 
factors such as shift o f fcm, varies o f cell size and the applied voltage dropped, therefore, 
the expected trapping efficiency cannot be reached. Moreover, it is not guarantee that all 
wells used in multi-well experiments are working properly as the only way o f 
determining whether the wells are considered working is by continuity test.
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As the simulation o f tilted well to determine the trapping percentage cannot be 
done, the study o f electric field gradient generated by 35° well angle had been carried 
out. The result shows that the magnitudes o f the electric field gradient produced at the 
centre o f the tilted well (DEP-well C-35) were greater than the straight well (DEP-well 
C-0). However, the field gradient produced by the DEP-well C-35 was slightly less at 
the edge. The drop was due to the effect o f widening the width o f  copper and insulating 
layers after drilling at 35° angle. When the thickness o f  insulating layer is increased, the 
electric field strength is reduced. Based on the experiments conducted using DEP-well 
C-35 and arranged in series, the efficiency o f  83.2 ± 1 .9  %, 67.0 ±2.1  % and 54.5 ± 2.5 
% were obtained at flow rate o f 5pFmin, lOpFmin and 20pl/min respectively. The 
percentages show little increased as compared to the DEP-well C-0. It can be seen that 
the differences were decreased fi*om 2.7% to 2.4% and then 1.2% when higher flow rate 
was applied. This shows that the DEP-well C-35 has an advantage o f trapping more cells 
at lower flow rate which cells at the centre can be attracted to the edge.
By comparing the simulation results o f  yeast trapping percentage using single well 
o f DEP-well C-0 and DEP-well M-20, it was found that DEP-well C-0 was able to trap 
more cells when cells were driven at 2.4pFmin or lower. But when the applied flow rate 
was higher than 3.5pFmin, the DEP-well M-20 produced higher trapping percentage. 
This was due to the development o f parabolic flow profile along the well. The flow 
velocity is maximum at the centre o f well and decreased exponentially to zero at the 
edge o f well. As the DEP-well M-20 has bigger circumference as compared to DEP-well 
C-0, more cells at the near edge can be trapped regardless the flow rate applied. On the 
other hand, the small diameter o f DEP-well C-0 will increase fluid flow velocity at the 
centre. Cells suspended at the centre o f well will have shorter time to travel along the 
well. This causes the cells unable to be pulled towards the well edge and trapped; thus 
reducing the efficiency o f cell trapping at higher flow rate. From the experiments that 
had been conducted, the DEP-well C-0 produced better trapping efficiency compared to 
the DEP-well M-20 when cells were driven at lower than 5pFmin and vice versa when 
higher flow rate was applied.
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7.1 Conclusion
In this project, a separation device has been successfully constructed and tested using 
the 3D dielectrophoretic well (DEP-well) electrodes. Both device and electrode have 
been developed in-house without any sophisticated equipment. The DEP-well electrodes 
have been categorised to three types according the number o f wells, diameter o f well, 
angle o f  well and materials used to fabricate the well. The DEP-well M-16/M-20 is 
manufactured from eight interleaved layers o f copper having a thickness o f 70pm and 
seven layers o f electrically non-conductive fibreglass reinforced epoxy (FR4) having a 
thickness o f 120pm. A number o f 16 (DEP-well M-16) and 20 (DEP-well M-20) holes 
with a diameter o f 700pm each are drilled straight through the interleaved layers. For the 
construction o f DEP-well C-0 and DEP-well C-35, a total o f 25 holes with a diameter o f 
500pm each are drilled straight and tilted at 35° through 9 layers respectively. These 9 
interleaved layers consist o f 4 plastic films PET with thickness o f 120pm each and 5 o f 
40pm-thick copper tape. All the DEP-wells have been experimented to determine the 
efficiency o f  trapping and recovery o f cells.
Initially, an experiment using single well o f  DEP-well M-16 has been conducted 
to determine the trapping efficiency o f viable yeast cells under the influence o f  positive 
DEP force over varies o f  field exposure times. High trapping efficiency (89.8 ± 4.4%) o f 
cells can be achieved when the field exposure time is longer (5 minutes). Longer time 
will let the cells that are suspended away from the electrodes to move towards the 
strongest region o f the electric field and get trapped. Although the cell trapping 
efficiency using single well is high, separation is produced only at low throughput 
involving only 0.5pl o f sample. Therefore, to separate a large volume o f sample and 
produce high trapping efficiency and throughput, a new separation system has been 
developed by implementing a continuous flow separation method and multiple well
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electrodes. By using multi-well electrodes, the total o f cross-sectional area o f well will 
be increased. This bigger area will reduce the cells’ velocity and lengthen the residence 
time which leads to increase o f cell trapping percentage.
However, due to cell sedimentation problems, a minimum flow rate o f SpFmin 
was pumped through only 16 wells (DEP-well M-16) which result in achieving about 
56.7% o f trapping efficiency. Although the percentage is lower as expected, large 
volume o f cells can be rapidly separated and enable high-throughput separation. In order 
to enhance the trapping efficiency using the limited number o f wells, a series 
arrangement o f wells was implemented. The idea is to create a long well channel; 
therefore, the residence time o f  cell in passing through the well is increases. With the 
series arrangement using DEP-well M-20, around 75.7% of trapping efficiency is 
achieved when 5pFmin is applied.
An improved separation device was constructed and modified in order to 
effectively utilise the multi-well electrodes. The device is simply constructed using two 
pieces o f Perspex, two gaskets made o f photopolymer resin, tubing and clips. The 
gaskets were used as channels to direct and control the flow o f cells through the 
electrodes. With the aid o f clips to provide sufficient pressure onto the gaskets, fluid 
leakage was prevented. The separation device was accompanied by a syringe pump, an 
ac signal generator, an oscilloscope and a sample collector to produce a complete cell 
separation system. A mixture o f viable and non-viable yeast cells was separated by 
trapping the viable cells with positive DEP. The viable yeast cells were attracted towards 
the edge o f electrodes when 20Vpp ac signal was applied at IMhz based on the DEP 
spectrum o f the cell. Meanwhile, at similar fi*equency, the non-viable yeast was repelled 
away from the electrode, flushed out and accumulated at the outlet. The viable cells 
were released by switching off the electric field. To increase the cells collection, 
negative DEP was generated by changing the frequency at lOkhz to repel the trapped 
cells and higher flow rate was applied to push a bulk o f trapped cells.
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In the beginning o f determining the device trapping efficiency, we explored the 
idea o f  monitoring the presence o f cells at inlet and outlet o f the separation device using 
an optical detector. Unfortunately, the output measured from photodiode was unstable 
and unrepeatable. Counting the cell concentration before and after pumping into the 
separation device was the simplest way to determine the performance o f  the device in 
terms o f trapping and recovering the cells. Therefore, sample collector has been 
developed to divide the separated cells into small volume and ease the determination o f 
cell trapping and recovery efficiency.
The main challenge to produce better separation system was to reduce the cell loss 
in the separation device. The trapping ability o f separation device cannot be assessed 
based on the high trapping efficiency without taking into consideration o f percentage o f 
cell loss. It is better to has cell flowing profile without applying an electric field to make 
sure the cells pumped in are free flow and do not sediment in the device. Other 
researchers have claimed that their device is able to trap or separate cell with high 
percentage nearly 100% by pumping some amount o f cells into the device and collected 
nothing at the outlet. In reality, some o f cells are just settling down and entrapped in the 
dead volume inside the device. Therefore, to minimise the cell sedimentation problem, 
shorter tubing is recommended. Additionally, the position o f inlet and outlet tubing o f 
the designed device has been arranged towards the direction o f  gravity. This tubing 
arrangement could eliminate the effect o f gravity on cells thus reducing the number o f 
cells remaining in the tubing.
With the modifications made to reduce the percentage o f cell loss, the device
ended up with only 12% o f the total cells unable to be collected when cells are injected
at 5pFmin with no electric field applied. At same flow rate, the percentage o f cell loss
increased to around 21% when the electric field is applied. The increment o f cell loss is
due to the flat structure o f the bottom part o f the device which hindered the trapped cells
from being pushed out, especially the cells further away from the outlet. Henee, higher
flow rate was required to withdraw the trapped cells. Moreover, it is important to
minimise the cells entrapping in the dead volume which usually happened in between
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the tube connection and sharp edge comer. This was done by changing the arrangement 
setup o f DEP-well, from the parallel arrangement which dividing the flow rate over the 
number o f well used, to the series arrangement which pushing the cells continuously 
through each well at same flow rate. By changing the arrangement o f cell flow, not only 
was the cell trapping percentage increased, but the dead volume was reduced and 
trapped cells were more likely to be pushed out and collected at SpFmin. With the series 
arrangement using DEP-well M-20, as many as 95.5% o f the injected cells are able to be 
collected at flow rate o f 5 pFmin.
Based on the cell loss profile, the cell trapping and recovery efficiency o f the 
separation device utilising DEP-well electrode could be determined. At low flow rate o f 
5pFmin, the DEP-well M-16 arranged in parallel was able to trap yeast cells as much as 
average 56.7%. From this trapping trapped cells, 59.1% were released and collected. 
With the series arrangement using DEP-well M-20, around 75.7% o f trapping efficiency 
was achieved when 5pFmin o f flow rate is applied. However, only 14.3% were collected 
during the cell recovery as the trapped cells become clumpy when released. Due to that, 
higher flow rate was required to push the clumpy cells out o f the device. Later, the 
trapping efficiency was improved by the use o f DEP-well C-0 (with a narrower well 
diameter) to 80.5%. Subsequently, the angle well (DEP-well C-35) is introduced to 
overcome zero net DEP force produced by the symmetrical well. As a result, the well 
was able to capture slightly greater percentage (about 83.2%) o f viable yeast cells. Those 
percentages truly determine the efficiency o f  cell trapping obtained by the wells which 
not including a loss o f cells in the device. These percentages o f cell trapping efficiency 
are reasonably high for a simple high throughput separation device constructed at low 
cost and without need o f hi-tech facilities. Besides, it offers some advantages which are 
portable, reusable, economical and ease o f use as well as easy to assemble.
Based on the comparison between the experimental and simulation results, huge
discrepancies have been found especially when cells are driven by a pump. Several
factors that contribute to these differences have been discussed in Chapter 6. Among the
factors are changes o f fcm, the dropped o f voltage applied and variation o f  yeast cell
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sizes. From the simulation results, the variation o f  those factors did not yield a 
significant drop in trapping percentage. This indicates that other factor might contribute 
to the big difference and is hard to be quantified such as the effectiveness o f DEP-well 
to trap cells when cells covered the surface o f the electrode. Although the simulations 
cannot verity the achievable trapping percentage o f DEP-well, it still can be used to 
study the generation o f electric field for any geometry o f electrodes for DEP 
applications.
7.2 Future Work
A few recommendations are listed in this subchapter to assist in producing better 
separation system. Also, further improvement to the DEP-well electrode could be done 
to enhance the trapping efficiency.
7.2.1 Automated cell eounting
A haemocytometer is a tool to do manual cell counting. However, the process o f 
counting is very tedious and dependent on human variability and bias. Recently, 
researchers tend to use image processing as the method for counting the cells 
automatically. A camera can be attached to a microscope and connected to a computer 
to capture images o f cells accommodated in the four comer squares o f  the 
haemocytometer. The captured images will undergo a process o f detecting and counting 
using an algorithm written in Matlab. As the majority o f cells look round, therefore, a 
method o f Circular Hough Transform can be applied to detect and count the cells. Once 
the cells are detected and counted, the concentration o f cell can be easily determined. 
The proposed method has the advantages o f  reducing the time and effort to count cells 
and also produce a non-biased result.
7.2.2 Improvement of cell properties extraction
Besides separation o f mixtures o f cells, DEP-well electrode can be utilised as a 
tool for cell characterisation. By knowing the cells characteristic, separation o f any cells 
o f interest from other biological fluids could be performed. The parameters such as
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conductivity, permittivity and the thickness o f each component o f cell can be extracted 
from dielectrophoretic data. The data contains changes o f light intensity o f  the moving 
cells under the influence o f DEP force in the single DEP-well electrode. The intensity is 
measured from a series o f images captured by a camera that attached to a microscope.
A computer program to record and analyse the dielectrophoretic data is 
previously developed at the Centre for Biomedical Engineering, University o f  Surrey. 
To extract the properties o f cell, the data is plotted and the curve has to be fitted with the 
theoretical model. Sometimes, to find the best fitted curve are quite difficult and time 
consuming. Therefore, further improvement to the developed program could be done by 
adding two friendly functions namely Auto Plot and Auto Fit. The Auto Fit function 
could minimize the time o f try and error in attaining the best fitted curve between the 
model and the data. The user only needs to define the minimum and maximum values o f  
the cell parameters and computer will do the curve fitting to determine the values o f 
each parameter o f cell automatically. In order to make model curve fit better, another 
function called Auto Plot can be created. This function will plot the model curve in real 
time when any value o f  parameters is slightly changed by the user. The best fitted model 
curve is achieved when the regression and root-mean-square error (RMSE) values are 
closest to 1 and 0 respectively. With these proposed functions, the hope is that user is 
able to extract the cell properties easily and faster,
7.2.3 Selection of conductor and insulator thickness
The measurement o f the performances o f different thickness o f layers is difficult 
to conduct in practice because o f the small dimensions o f the layers. Therefore, a 
theoretical approach is chosen. A well with different combination o f copper and 
insulator thickness has been modelled using Comsol software. The electric field gradient 
squared is defined using Equation 5.1 under the Electrostatics Application Mode in order 
to observe the optimum DEP force that could be generated. The simulation results are 
shown in
Figure 7.1.
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The measurement o f DEP force is taken only along the centre o f insulator layer 
across the well radius. It is identified as the minimum force region. The well radius is 
divided into four points for a comparison; at the edge of well, 50pm, 200pm and 290pm 
from the well edge.
Gradient of electric field squared at the edge of 
dielectrophoretic well: measure across the centre of 
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Figure 7.1: Simulation of gradient of electric field squared generated by different copper and 
insulator thickness across the 580pm well along the centre of insulator layer.
Based on the simulation above, 80pm-thick copper with combination o f any 
range o f insulator thickness (20pm-160pm) could penetrate higher electric field strength 
across the middle o f well. The strength is less near the edge when the thickness o f 
insulator increases. The optimum electric field strength can be reached by the ratio o f 
4:1 (copper thickness:insulator thickness). However, if the copper is too thick, the 
impedance o f the DEP-well decreases due to the wide surface contacted with the 
conductive medium. Consequently, the applied voltage will be reduced.
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7.2.4 Fabrication of big number of wells
The DEP-well electrode has been explored in increasing the efficiency o f  cell 
trapping. The ability to trap cells are depends on the residence time which means the 
time taken for the cells to travel along the well. The longer the residence time, the more 
cells can be trapped. One way o f increasing the residence time is by reducing the flow 
rate o f the cell suspension. However, if the cells are pumped at very low speed, they are 
just settling down either in the tubes or bottom part o f the separator device. Instead o f 
using low flow rate to drive a sample, having more wells through the DEP-well could be 
an alternative way to increase the trapping efficiency. With the more numbers o f well, it 
will increase the total area o f well thus reducing the cell velocity and lengthening the 
residence time o f the cell to be influenced by DEP force. For example, if  cells are 
pumped at flow rate o f lOOpl/min, 200 wells can reduce the cell velocity down to 200 
factors based on the concept o f flow continuity as mentioned in Chapter 5.6. Therefore, 
cell trapping efficiency can be increased. Additionally, the percentage o f cell loss can be 
reduced when faster flow rate is applied.
7.2.5 Test the separation system with other cells
Due to time constraints, only a mixture o f viable and non-viable yeast cells was 
tested with the developed separation system. Most o f the time was spent to construct 
different diameters and angles o f DEP-well electrodes, to develop a system consisting 
hardware and software to observe the DEP force strength for different angles o f well and 
to conduct experiments for each trial o f separation device using different DEP-well at 
least thrice. Moreover, other assistance tools such as sample collector and two-way o f a 
micro syringe pump were developed to support the process o f cell separation. Many 
research works have used yeast in their studies, because o f  advantages such as being 
easy to culture and dielectrically well characterised. Once the performance o f the system 
is determined, for further work and more practical application, a separation between 
cancerous and normal cells can be conducted using the tested system. To verify the 
efficiency o f the system and minimise the manual cell counting error, flow cytometry or 
other automatic cell counting machine can be used.
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// Include stepper controller ftinction library 
#include <Stepper.h>
// Define number o f steps 
^define motorSteps 48 
// Define the Arduino Pins 
^define motorPinl 3 
#define motorPin2 4 
^define motorPin3 5 
#define motorPin4 6 
^define Switch 1 7 
#defme Switch2 8
int delayTime =245;//delay for 0.245 seconds 
int delayTime 1 =25;//delay for 0.012 seconds 
void setupO 
{
pinMode(motorPinl, OUTPUT); 
pinMode(motorPin2, OUTPUT); 
pinMode(motorPin3, OUTPUT); 
pinMode(motorPin4, OUTPUT); 
pinMode(Switchl, INPUT); // Set up switch clockwise 
pinMode(Switeh2, INPUT); // Set up swich anti-elockwise 
}
void loopO { 
digitalWrite(motorPinl, LOW); 
digitalWrite(motorPin2, LOW);
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digitalWrite(motorPin3, LOW); 
digitalWrite(motorPin4, LOW);
if(digitalRead(Switchl) == LOW && digitalRead(Switch2) =  HIGH) 
{
digital Write(motorPin 1, LOW); 
digitalWrite(motorPin2, HIGH); 
digitalWrite(motorPin3, HIGH); 
digitalWrite(motorPin4, LOW); 
delay(delayTime);
digitalWrite(motorPin 1, LOW); 
digitalWrite(motorPin2, HIGH); 
digitalWrite(motorPin3, LOW); 
digitalWrite(motorPin4, HIGH); 
delay(delayTime) ;
digitalWrite(motorPin 1, HIGH); 
digitalWrite(motorPin2, LOW); 
digitalWrite(motorPin3, LOW); 
digitalWrite(motorPin4, HIGH); 
delay(delayT ime) ;
digitalWrite(motorPinl, HIGH); 
digitalWrite(motorPin2, LOW); 
digitalWrite(motorPin3, HIGH); 
digitalWrite(motorPm4, LOW); 
delay(delayTime);
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}
else if(digitalRead(Switch2) == LOW && digitalRead(Switehl) =  HIGH) 
{
digitalWrite(motorPinl, HIGH); 
digitalWrite(motorPin2, LOW); 
digitalWrite(motorPin3, HIGH); 
digitalWrite(motorPin4, LOW); 
delay(delayT ime 1 ) ;
digitalWrite(motorPinl, HIGH); 
digitalWrite(motorPin2, LOW); 
digitalWrite(motorPin3, LOW); 
digitalWrite(motorPin4, HIGH); 
delay(delayT ime 1 ) ;
digitalWrite(motorPinl, LOW); 
digitalWrite(motorPin2, HIGH); 
digitalWrite(motorPin3, LOW); 
digitalWrite(motorPin4, HIGH); 
delay(delayT ime 1 );
digitalWrite(motorPinl, LOW); 
digitalWrite(motorPin2, HIGH); 
digitalWrite(motorPm3, HIGH); 
digitalWrite(motorPin4, LOW); 
delay(delayTime 1 );
}
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else if(digitalRead(Switch2) == LOW && digitalRead(Switchl) =  LOW) 
{
digitalWrite(motorPinl, LOW); 
digitalWrite(motorPin2, HIGH); 
digitalWrite(motorPin3, HIGH); 
digitalWrite(motorPin4, LOW); 
delay(delayT ime 1 );
digitalWrite(motorPinl, LOW); 
digitalWrite(motorPin2, HIGH); 
digitalWrite(motorPin3, LOW); 
digitalWrite(motorPin4, HIGH); 
delay(delayT ime 1 );
digitalWrite(motorPinl, HIGH); 
digitalWrite(motorPin2, LOW); 
digitalWrite(motorPin3, LOW); 
digitalWrite(motorPin4, HIGH); 
delay(delayT ime 1 ) ;
digitalWrite(motorPinl, HIGH); 
digitalWrite(motorPin2, LOW); 
digitalWrite(motorPin3, HIGH); 
digitalWrite(motorPm4, LOW); 
delay(delayT ime 1 );
}
}
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